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ABSTRACT 
 Two facilities were designed and constructed at the University of Illinois for the purpose 
of evaluating the enhanced blast effect of reactive materials (RM’s) initiated by a high explosive 
detonation.  High speed pressure, shadowgraph imaging, pyrometry and spectroscopy 
diagnostics were developed and used concurrently for tests conducted in these facilities.   
Well known thermite, intermetallic and reactive metal compounds were detonated in the 
smaller of the two facilities.  Increased pressure and light emission were measured from these 
RMs as compared to tests of inert steel and no material (“bare”).  Shockwave velocity was 
similar for all tests with an RM; bare tests had a significantly higher initial velocity due to 
decreased impedance from the lack of an RM in the detonation path.  When Aluminum was 
tested, AlO emission was observed in the spectra captured, but temperature calculations from 
pyrometry and spectroscopy data were inconsistent between tests and relative to values in the 
literature.  These results allowed for refinement of diagnostic techniques for subsequent tests. 
A series of tests was conducted in the larger facility to investigate the effect of the 
addition of tungsten to RM’s.  Quasistatic pressure (QSP) differences were observed between 
inert, Al-based, B-based and Zr based tests, but all materials containing Zr or Hf performed 
similarly.  QSP was converted to energy, and values for most W-containing materials were 
higher than the theoretical chemical energy of the non-W components of the RM, indicating that 
tungsten must be contributing energy to the reaction.  For Zr40-W60, observed energy release was 
173% of the potential energy of the Zr present.   However, WO3 was not observed by XRD in 
powder residues collected.  Due to limitations, uncertainty and quantitative error in the XRD 
analysis, tungsten could have reacted without observation in the residue.  Further elemental 
analysis of the residue with a SEM/EDS process is recommended to resolve this discrepancy. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 
1.1 Introduction 
Research was conducted at the University of Illinois at Urbana-Champaign (UIUC) under 
the direction of Professors Nick Glumac and Herman Krier on the enhancement of high 
explosive (HE) detonations in air by the use of a reactive material (RM) casing.  In most 
applications, HE is contained in a vessel made of an inert structural material, with the most 
frequently used material being steel.  Steel is strong, inexpensive, and easy to fabricate.  
However, it is chemically inert during the detonation, and so it provides no additional energy to 
the blast.  Reactive materials have been investigated as alternatives to steel [1-3].  A reactive 
material is expected to be structurally strong, insensitive to low energy initiation, and have the 
potential for energy release through reaction within the RM or with the environment. 
 
1.2 Air Blast 
Characterization of RMs under detonation initiation was a new topic of study for our 
group, so a small-scale facility was created to study these materials during reaction using several 
diagnostics simultaneously.  Based on knowledge accumulated from the use of the first facility, a 
second, larger-scale facility was designed and fabricated.  Both facilities are robust and 
multifunctional, and have been used for multiple series of tests.  Results from selected tests in the 
small facility and a series of tests using tungsten based reactive materials in the large facility are 
presented in this thesis. 
Detonation of HE in air releases chemical energy rapidly, producing a high pressure 
wave.  As the pressure wave expands, the compressibility of air causes the pressure gradient to 
steepen to a shockwave moving at supersonic velocity.  The observed pressure increases sharply 
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as the shockwave passes the point of measurement, then decays to below the ambient pressure 
and eventually returns to pre-shock conditions [4].  This pressure gradient causes bulk 
deformation of a target and does the majority of the work (damage) in most detonations, so 
pressure is a relevant metric for RM tests.  One measure of the strength of the blast is the 
integrated area under the positive portion of the pressure signal.  The initial shockwave is only 
influenced by reactions that occur before or during formation of the blast wave, so slower 
reactions may be unaccounted for using this metric. 
For tests occurring in a sealed chamber of finite volume, the creation of gaseous products 
and the heating of the existing gasses will increase the pressure of the entire chamber.  This 
pressure increase is referred to as quasistatic pressure.  Quasistatic pressure buildup is a longer 
duration effect which occurs over many internal reflections of the initial shockwave.  Because of 
the longer duration, the effect of materials that burn more slowly is recorded, as well as the effect 
of the HE. 
 
1.3 Explosive Confinement 
The strength of the detonation is affected by more than the amount and type of HE used.  
Some confinement of the HE is necessary to build up the required pressure and temperature for 
high order detonation.  Additionally, once detonation has fully occurred the case material 
fragments are propelled outward at high velocity.  These fragments of casing material have very 
high kinetic energy, and can cause damage upon impact with some targets. 
Though fragments from a traditional steel explosive casing can cause significant damage, 
the area where this occurs is limited to the exact location the fragment happens to hit.  
Additionally, these fragments can only damage targets that are susceptible to failure by impact.  
3 
 
Further damage to the target could be realized if the fragments were to release chemical energy 
after impact.  Alternative materials to steel casings could allow such an explosion. 
 
1.4 Reactive Fragments 
Metals, metal alloys and other metal-based materials are good choices for RMs due to 
their structural strength and theoretical energy potential.  The chemical energy potential of the 
materials was examined in two ways: for some heterogeneous mixtures the RM reacts on its 
own; for other materials reaction occurs with an oxidizer in the atmosphere.  Energetic potentials 
for reactions with gaseous oxygen tend to have higher theoretical energy densites due to the fact 
that oxidizer is not present in the material.  The oxidation of aluminum to alumina (Al2O3) and 
zirconium to zirconia (ZrO2) by atmospheric oxygen are examples of high energy density 
reactions that occur in tests for this thesis, and are shown in Equations 1.1 and 1.2.   
2Al(s) + 3/2O2(g)  Al2O3(s) (1.1) 
Zr(s) + O2(g)  ZrO2(s) (1.2) 
However, these reactions are limited by the rate at which oxygen can enter the reaction 
zone, so the reaction occurs more slowly.  Mixed fuel-oxidizer heterogeneous compounds – such 
as thermites – are limited by the exposed surface area of the powder, and thus react very quickly 
when finely divided powders are combined.  Aluminum-copper oxide and aluminum nickel 
oxide thermites are investigated in this thesis, and their over-all reactions are shown in Equations 
1.3 and 1.4. 
2Al(s) + 3CuO(s)  Al2O3(s) + 3Cu(s) (1.3) 
2Al(s) + 3NiO(s)  Al2O3(s) + 3Ni(s) (1.4) 
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Intermetallic reactions form a bimetallic compound without oxidation.  Similarly to the 
thermites, these materials do not require a specific atmosphere to react, and thus may occur 
quickly relative to oxidation by atmospheric oxygen.  A prompt intermetallic reaction may also 
provide enough heat for the metals to oxidize individually, providing significantly more energy.  
Intermetallic reactions investigated in this thesis are shown in Equations 1.5 and 1.6. 
Ti(s) + B(s)  TiB(s) (1.5) 
5B(s) + 2W(s)  B5W2(s) (1.6) 
Tungsten was specifically considered for investigation for three reasons.  Tungsten has 
high energy density on a volume basis, higher than the “traditional” reactive metals aluminum 
and zirconium, as seen in Table 1.1.  Though the oxidation of tungsten has not been documented 
during previous use in reactive materials, its use is nevertheless prevalent in ballistics – from 
armor piercing tank shells to shotgun pellets.  This is due to the high density and low ductility of 
the material, which efficiently delivers kinetic energy to the target.  Finally, tungsten is a high 
strength material, with an ultimate tensile strength of 1510 MPa, almost four times that of A36 
steel and over 100 times that of lead, a commonly used heavy element.  This strength would 
allow for construction of robust casings that protect the sensitive high explosive within. 
Table 1.1: Energy density of oxidation of several metals on a volume basis 
Reaction 
Energy Density, 
kJ/cc 
4Al(s) + 3O2(g) 2Al2O3(s) 83.84 
Ti(s) + O2(g) TiO2(s) 88.36 
4B(s) + 3O2(g) 2B2O3(s) 122.37 
Zr(s) + O2(g) ZrO2(s) 78.44 
2W(s) + 3O2(g) 2WO3(s) 88.36 
2Zn(s) + O2(g) 2ZnO(s) 38.27 
Hf(s) + O2(g) HfO2(s) 83.07 
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1.5 Summary of Previous Research 
 Due to the military sensitivity of this topic, few studies on reactive fragments are 
available in the open literature.  Available references and related work in the Glumac-Krier 
group at UIUC are summarized below, followed by overviews of research in the areas of 
mechanical alloying and liquid explosive properties. 
 
Committee on Advanced Energetic Materials and Manufacturing Technologies of the National 
Research Council 
The fourth chapter of this wide ranging report summarizes initial research in the field of 
reactive materials.  The state of the field was obtained from two classified conference 
publications and five presentations directly to the authors.  The authors outlined the potential 
advantages of reactive materials, notably the increase in the methods to damage a target with a 
reactive fragment and the increase in physical damage to the target, allowing for easier damage 
assessment.  Initial findings of some applied studies were also discussed, and the field was 
characterized as in its infancy [1]. 
 
Zhang 
Zhang investigated the effect of casing material in the detonation of cylindrical charges 
on a much larger scale than work for this thesis.  Reactive casings, steel casings, reactive-steel 
composite casings, and thin polyethylene casings were tested in combination with two solid 
explosives, though the author does not describe the composition or properties of the reactive 
casing material used.  Diagnostics included were: pressure transducers on the chamber wall, high 
speed video, and residue collection.  Tests were quantified on a mass basis for the charge and the 
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casing, and by the casing inner diameter.  Zhang demonstrated that, compared to a bare explosive 
of a given mass, use of a reactive casing significantly enhanced quasistatic pressure (37%) 
during detonation, while use of a steel casing of the same mass slightly decreased quasistatic 
pressure (14%) [3]. 
 
Two other graduate students in the Glumac-Krier group at UIUC are investigating 
reactive materials in air.  Below are summaries of their research, with a focus in the areas that are 
of interest to this work. 
 
Peuker 
Jennifer Peuker studies the challenges in interpretation of AlO emission spectroscopy 
data of fireballs.  Some facilities and diagnostics were common between this author and Peuker.  
Custom electronic bridge wire (EBW) detonators with aluminum or alumina mixed into the 
explosive were compared to standard detonators with and without aluminum powder secured to 
the exposed end.  Peuker found that the assumption of proportionality between AlO emission 
intensity and Al combustion rate was incorrect.  High temperature particles were postulated to 
dominate the spatially averaged measurement in the early time, while optical thickness of the 
fireball prevented AlO signal generated in the late time from reaching the spectrometer.  Peuker 
leaves the topic open to further investigation and quantification [5, 6]. 
 
Chonowski 
David Chonowski studied the effect of reactive materials used in a kinetic energy 
projectile.  Materials were tested by firing a modified bullet with a central chamber of pressed 
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RM powder in a hunting rifle at a steel anvil target.  Bullet velocity was measured using laser 
velocimetry; overpressure in the chamber was measured using piezoresistive transducers; and 
damage was qualitatively evaluated by examination of the target after firing.  Due to the smaller 
amount of material and time required to conduct a test, a larger test series studying exotic 
materials and auxiliary effects such as humidity was practical for this research [7]. 
 
Mechanical Alloying 
The mechanical alloying process was used to prepare some powder materials for this 
thesis.  A brief history of the development of the process is presented here.  Benjamin invented 
the process in 1970, and first used it to create a nickel alloy with a yttrium oxide coating for high 
temperature, high strength applications [8].  The process consists of the agitation of the powders 
desired to be alloyed with grinding balls of stainless steel or other appropriate material.  
Agitation occurs in a ball mill by stirring, rotation, and/or shaking.  With an appropriate balance 
between fracturing and cold welding, collisions between the powder coated balls cause each 
particle to become a heterogeneous agglomeration of smaller particles of all materials present [9, 
10]. 
Initially, the applications of mechanical alloying were limited to creating materials with 
superior mechanical properties.  In 1989, Schaffer and McCormick investigated the mechanical 
alloying of a reactive system.  CuO and ZnO were milled with calcium while the vial 
temperature was monitored by a thermocouple.  For each mixture, a sudden and violent red-ox 
reaction during milling was indicated by a sharp temperature rise and verified by X-ray 
diffraction (XRD) analysis of the resulting powders [11].  Further work by these authors and 
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others led to the arrested milling method, in which milling is stopped just before a self-sustaining 
reaction occurs.  This method greatly increases the ignition sensitivity of the material [12, 13]. 
Of particular relevance to this work were prior results of mechanical alloying of 
aluminum, tungsten, and zirconium.  The W-Al system has been investigated from a 
metallurgical standpoint.  Ouyang first reported on W-Al, showing complete dissolution of 
aluminum into the tungsten lattice for up to 50%-at. Al, as measured by XRD analysis of powder 
before and after milling [14].  Subsequent efforts by Tang dissolved 86%-at. Al into tungsten 
after sufficient milling under different conditions [15].  No literature on a mechanically alloyed 
W-Zr system was found. 
 
Properties of Nitromethane 
In order to design a robust nitromethane charge that could be reliably initiated by an 
explosive bridge wire detonator, background research into the detonation properties of 
nitromethane was conducted.  Campbell’s publications were among the first characterizing the 
explosive properties of nitromethane (CH3NO2), soon after the accidental discovery of its 
detonability.  He first characterized the effect of temperature on the failure diameter of the 
explosive, which is the maximum diameter at which detonation does propagate [16].  His second 
work examined the effect of imperfections and contaminants on shock initiated liquid explosives, 
including single point initiation from bubbles placed within a nitromethane vessel.  Streak 
camera data indicates that neat (pure) nitromethane initiated by a point source propagates at an 
angle of approximately 70° when unconfined [17]. 
In 1972, Brochet et al. published on two topics: the effect of confinement material on the 
critical diameter, and the effect of detonation through a divergent cylinder (cone) of 
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nitromethane.  Their first study found that nitromethane propagated through all angles tested (5°-
70°, 360°) with no effect on detonation velocity [18].  Their second study discovered, among 
other results, that the thickness of the confinement material had no effect on the detonation above 
a certain threshold, and identified that threshold as 0.4 mm for brass confinement and 0.5 mm for 
steel confinement [19]. 
Tarver presented research on the effect of a confinement material transition upon failure 
diameter of several explosives, including nitromethane.  While he found a failure diameter of 3 
mm in thick lead confinement, detonations in up to 11.76 mm diameter lead confinement did not 
continue to propagate past an abrupt transition to a 50 mm diameter tube of nitromethane 
confined in plastic.  This indicates that on both sides of a change in confinement material the 
larger critical diameter must be satisfied for the detonation to continue to propagate [20]. 
Nitromethane is insensitive compared to other explosives, so several additives have been 
and are currently used to sensitize the nitromethane before detonation, but allow for relative 
safety during storage.  The Glumac-Krier research group has used diethylenetriamine (DETA) as 
their sensitizer of choice, so select publications regarding the effect of DETA addition to the 
failure diameter of nitromethane are summarized here.  Sullivan tested neat and 3% DETA 
sensitized nitromethane in PVC pipes of 12 mm to 40 mm diameter.  He found propagation at all 
diameters for the sensitized nitromethane, and recorded failures in two tests of neat nitromethane 
in 16 mm diameter pipes, indicating a critical diameter of less than 12 mm for sensitized 
nitromethane, and larger than 16 mm for neat nitromethane [21].  Petel studied the same 
mixtures in PVC confinement in more detail, and found a failure diameter of 22 mm for neat 
nitromethane and 2.4 mm for the 3% DETA sensitized mixture [22].  In another work, Petel also 
investigated the detonation of neat nitromethane when confined in an aluminum tube, and 
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determined the failure diameter to be 2.35 mm [23].  Two studies by Engelke detonated neat and 
0.01% DETA sensitized nitromethane, one in Pyrex and the other in brass containment.  A 30% 
to 40% decrease in failure diameter of the sensitized nitromethane was observed [24, 25]. 
 
1.6 Goals 
 The objective of this research was to develop facilities with multiple diagnostics to 
quickly characterize the performance of reactive materials as initiated by the detonation of high 
explosive.  Additionally, we sought to use these facilities and diagnostics to investigate several 
tungsten-based reactive materials, with a specific mission of determining whether the tungsten 
reacts during the detonation event. 
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CHAPTER 2: INSTRUMENTATION 
 Pressure, shadowgraph, pyrometry and spectroscopy diagnostics were used to record 
information during the detonation events.  XRD analysis of collected powder residue was also 
performed for some tests.  The specifications, setup and capabilities of these diagnostics are 
presented in the following chapter. 
 
2.1 Pressure Measurements 
Pressure measurements of air blasts were obtained from three types of transducers.  Peak 
pressure, positive phase impulse, continuously integrated impulse, and quasistatic pressure were 
calculated from pressure traces and used to compare performance of materials initiated in the 
same manner.  The pressure transducers used are shown in Figure 2.1 and described below. 
Kistler #503B1 piezoelectric pressure transducers were placed at different distances and 
orientations inside the vessel, as will be described later. These transducers were connected via 
low noise cables to Kistler #5004 dual mode amplifiers. The maximum operating pressure of the 
transducers was 15000 psi.  Since pressure peaks were in the tens of psi, the signal was amplified 
to 10 psi/V. 
Kulite #XTEL-190A piezoresistive pressure transducers were also placed inside the 
vessel in the same configuration as the piezoelectric transducers.  Piezoresistive transducers 
require an excitation voltage and amplification of the output; both tasks were performed by the 
Endevco #136 DC amplifier.  The excitation voltage was 10 V, and the scaled output was 20 
psi/V. 
GEMS #2200 series piezoresistive pressure transducers were attached via plastic tubing 
to a port through the wall of the vessel, and were used to measure the absolute pressure of the 
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vessel.  Two transducers were used, one with a maximum pressure of 15 psig, and the other with 
a maximum pressure of 45 psig.  These transducers were provided with 24V DC power, and 
terminated across 1000 Ohms resistance.  
 
Figure 2.1: Kulite Piezoresistive Transducer (L), Kistler Piezoelectric Transducer (C), GEMS 
Transducer (R).  Coin shown for size comparison 
 
The Kister piezoelectric and Kulite piezoresistive transducers were positioned in two 
orientations, described below and shown in Figure 2.2.  In the side-on orientation, the pressure 
sensing face of the transducer was parallel to a ray with its origin at the charge.  In the end-on 
orientation, the pressure sensing face of the transducer was perpendicular to a ray with its origin 
at the charge.  
The transducers inside the tank were mounted in custom fabricated lollipop style fixtures, 
modeled after Rahman [26], as shown in Figure 2.3.  These fixtures served two functions: they 
protected the transducers from damage, and minimized the disturbance in the pressure field 
caused by the presence of the fixture.  Transducers in the side-on orientation were mounted flush 
through a 1/8” thick disc of 2.5” to 3” diameter with a ground knife edge all around.  
Transducers in the end-on orientation were mounted flush through a disc of similar diameter, but 
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a knife edge and thin plate was not necessary for those fixtures.  Detailed drawings of the 
lollipop fixtures are shown in Appendix Figures A.19-A.21. 
 
 
Figure 2.2: Schematic of orientation of pressure transducers and fixtures inside the vessel.  
a. end-on orientation  b. side-on orientation for small facility tests  c. side-on orientation for 
large facility tests 
 
  
Figure 2.3: Side-on lollipop fixture schematic and photograph.  a. transducer  b. delrin adapter  
c. transducer retaining nut  d. lollipop fixture  e. lollipop fixture tube  f. 6x 6-32 screws g. 10-32 
to BNC low noise transducer cable. 
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During the course of testing we observed high levels of electronic noise in the pressure 
signals, and in tests with strongly reacting materials the noise was exacerbated by direct 
electrical contact of the transducers to the lollipop fixtures.  The source of the noise was deduced 
by its early onset – immediately upon detonation, well before the shockwave arrived – and its 
high frequency to be electrical in nature rather than physical.  Electrical isolation of the 
transducer from the fixture and tank significantly reduced the magnitude of the noise.  To 
accomplish this, all fixtures were modified to include a Delrin plastic adapter that held the 
transducer while preventing electrical contact.  An example of the improvement in signal-to-
noise ratio of the pressure data can be seen in Appendix Figure D.1 where data was taken before 
Delrin adapters were used, and Appendix Figure D.3 where data was taken with the adapters 
installed. 
Additionally, the zero pressure voltages of the piezoelectric transducers would drift in a 
random direction during tests.  This drift prevented an accurate long time scale measurement of 
the impulse, which was critical to determining the effect of late time combustion on pressure. 
After consulting with Patrick Walters, we learned that the drift was due to the local temperature 
increase at the transducer, and could be mitigated by vacuum grease or electrical tape across the 
transducer pressure sensing face [27].  We used electrical tape across the piezoelectric transducer 
faces in all subsequent tests, and found that drift was reduced, but not eliminated.  Piezoresistive 
transducers did not drift, and so were used instead of piezoelectric transducers to determine the 
long time scale impulse. 
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2.2 Shadowgraph Imaging 
 Shadowgraph imaging recorded by a high speed digital video camera was used to capture 
the time-resolved shape and position of the shock wave throughout the detonation.  The images 
also allowed for qualitative comparison between tests in terms of shape, location, duration and 
strength of the reaction.  A schematic of the shadowgraph setup is shown in Figure 2.4. 
A Vivitar #352 camera flash fitted with a 3.8 mm pinhole plate was used to produce point 
light source illumination of the event.  The detonation was delayed relative to the flash by 80 
µsec so that peak flash intensity occurred just after detonation.  Shadowgraph imaging was 
performed using a retroreflective screen instead of pair of parabolic mirrors, similar to Settles’ 
recent work [28]. A screen coated with 3M #7610 high gain reflective tape was installed behind 
the detonator assembly in each vessel.  The screen in the small facility was 18” x 20”, and the 
screen in the large facility was 24” x 36”.  The tape was oriented vertically so that seams would 
run perpendicular to the shockwave and interfere minimally with its detection.   
 
Figure 2.4: Shadowgraph Schematic.  a. light source, b. beam splitter, c. image plane, d. 
retroreflective screen, e. camera,   f. beam stop 
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Since retroreflective material reflects incident light back along its incoming path, the 
ideal shadowgraph setup would have the light source and camera at the same point.  This ideal 
setup was emulated by placing the light source and camera perpendicular and equidistant from a 
50/50 reflective beam splitter.  The beam splitter was oriented at a 45° angle, so that the light 
source illuminated the event directly and the camera viewed the event off a 90° reflection from 
the beam splitter.  While two passes through the beam splitter reduced the source intensity at the 
camera by 75%, an offset light source was ruled out due to reduced shockwave clarity, and a 
small inclined mirror in front of the lens would have occluded too large a portion of the small 
diameter C-mount optics, and thus reduced image quality or left a dark spot in the middle of each 
image. 
A Vision Research Phantom 5.2 high speed video camera mounted with a Tamron 
#M12MV412 4-12 mm varifocal C-mount lens was used for high speed imaging.  Images were 
recorded at several combinations of frame rate and image size, though always with the minimum 
exposure of 2 μsec.  The Phantom camera was limited by bandwith, so an appropriate 
compromise between spatial resolution, area imaged and time resolution was necessary.  As 
testing progressed, we realized that even low spatial resolution images were providing adequate 
detail, and so in subsequent tests images were taken at higher temporal resolution at the expense 
of reduced spatial resolution.  Exact spatial resolution was calibrated by recording an image of a 
transparency with a 1” square grid placed at the detonator assembly location before the test.  
 
2.3 Pyrometry 
Time-resolved two-color pyrometery was used to measure condensed phase temperature 
of the reaction, using a custom assembled apparatus.  The pyrometer, shown in Figure 2.5, was 
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attached to the pressure vessel at the top optical access port to allow imaging of the leading face 
of the reaction.  An Edmund Optics #NT47-586 shortpass reflective filter split light entering the 
apparatus at 800 nm.  The light that passed through the shortpass filter was then bandpass filtered 
to 730 nm by an Edmund Optics #NT62-178 filter.  The diverted light was bandpass filtered to 
940 nm by an Edmund Optics #NT62-187 filter.  The previous two filters each have a 10 nm 
FWHM and a ±2 nm center wavelength tolerance of the transmission curve.  Each single 
wavelength beam was focused onto a Thorlabs #PDA100A adjustable gain photodetector by an 
Anchor Optics #AX27248 plano-convex lens of 25 mm focal length.  The photodetectors could 
amplify the signal from 0 dB to 70 dB in steps of 10 dB.  Both photodiodes were set to the same 
amplification for each test, but amplification varied between tests, and was chosen based on 
material and experience from previous tests.  Thus, for some tests data were saturated (> 10V) 
and for other tests low light levels were recorded. 
 
Figure 2.5: direct view pyrometer schematic and photograph.  a. 800 nm shortpass filter, b. 
notch filter (730nm, 940nm), c. f=25mm lens, d. photodiode 
 
Preliminary testing revealed that hard mounting of the pyrometer to the pressure vessel 
jarred the instrument during testing, causing gradual misalignment of the optics.  To fix this, the 
18 
 
pyrometer was detached from the vessel and connected remotely via a fiber optic cable, as shown 
in Figure 2.6.  Light from the detonation event passed through a piece of Edmund Optics #NT47-
953 ground glass diffuser, and then was focused into the fiber using an Anchor Optics 
#AX27248 plano-convex lens of 25 mm focal length.  A General Fiber Optics bifurcated fiber 
optic cable was used to transmit light directly to each photodiode, replacing the shortpass filter in 
the previous arrangement.  Each end of the fiber optic cable was attached to a separate lens tube, 
with optics and photodiode attached.  For each tube, light emerging from the fiber end was 
collimated using a Thorlabs #AC254-050-B near IR achromatic lenses.  The collimated light was 
bandpass filtered using the same filters detailed above.  It was necessary to collimate the light 
because filter specifications indicated best performance was obtained using collimated input 
light. A second near IR achromatic lens of the same type was used to focus the light onto the 
photodetector. 
  
Figure 2.6: fiber coupled pyrometer schematic and photo.   a. diffuser  b. PCX lens  c. bifurcated 
fiber optic cable  d. achromatic NIR lens  e. 730 nm notch filter  f. 940nm notch filter  
g. photodiode 
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The pyrometer was calibrated with a tungsten filament halogen bulb controlled by an 
Oriel Instruments #68735 radiometric power supply to output a black body curve of temperature 
3100K.  The light source was placed in front of the diffuser while the instrument was installed 
for the test.  Running the calibration in the test setup compensated for any optical effects caused 
by the protective polycarbonate and glass windows.  The calibration procedure entailed 
recording the average photodetector signals before turning on the light source, and then 
recording the average signals with the light source on and at a steady state temperature.  For 
calibration, each value was the average of at least 10 seconds of signal.  The ratio of the 
difference of the light and dark signals was compared to the ratio of calculated black body 
intensities at 3100K.  The theoretical intensity ratio was determined by the manipulation of 
Planck’s law, resulting in Equation 2.1.  The correction factor, f, was calculated using Equation 
2.2. 
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2.4 Spectroscopy 
Time-resolved spectroscopy of the detonation was also recorded as a means to identify 
combustion intermediates and assess when certain reactions were occurring.  The spectrometer 
was custom fabricated by Professor N. Glumac and is shown in Figure 2.7.  Light from the 
detonation event was focused into an Ocean Optics #P600-10-UV/VIS fiber optic cable using a 
plano-convex lens.  Output of this fiber optic cable was focused onto the slit of the spectrometer.  
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The spectrometer utilized a Nikon Series E 100 mm F/2.8 lens for light collimation, a volume 
holographic grating, and a Minolta MC-ROKKOR-PG 50 mm F/1.4 lens to focus onto an Andor 
Technologies #DV420-UV-FK Fast Kinetics CCD camera.  The camera was configured to 
record 100 line spectra at 16 μsec exposure and interval, and was triggered such that spectra 1-7 
were captured before the detonation began, establishing a dark reference for each test.  The 
sensor temperature was -40º C.  The instrument had a resolution of 5 Å across the range of 450-
650 nm. 
 
Figure 2.7: Custom fabricated fiber optically coupled spectrometer attached to an Andor FK 
CCD Camera 
 
Intensity calibration and wavelength calibration were performed each time this 
instrument was relocated, and periodically during testing.  Intensity calibration was necessary to 
compensate for inefficiencies in the optics and camera that combined to reduce the light intensity 
at the edges of the CCD chip relative to the center.  Wavelength calibration was necessary to 
correlate the pixels on the chip to wavelength values.  Intensity calibration was performed using 
the same light source and in the same manner as for pyrometry, described in Section 2.3.  
Wavelength calibration was performed by recording the signal from a mercury light source and 
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using known wavelengths of mercury emission peaks to determine a pixel to wavelength 
relation. 
 
2.5 Triggering System and Data Collection 
 Data from the pressure transducers and pyrometry photodetectors were collected using 
multiple Picoscope #3424 four channel PC oscilloscopes.  On each Picoscope, one channel was 
used as a trigger input, leaving three channels for data collection.  Picoscopes were set to keep 
5% of the recording range as data recorded before the trigger, with the remaining 95% after the 
trigger occurred.  Settings varied between diagnostics and tests, but example settings are 
provided in Table 2.1. 
Table 2.1: Picoscope settings for Series 2 tests 
Diagnostic Record Time Sample Interval Voltage Scale (Data Channels) 
Transient Pressure 20 ms 0.2 μs ±10V DC 
QSP 200 ms 1.6 μs ±20V DC 
Pyrometry 50 ms 0.4 μs ±10V DC 
 
 The cameras used in the spectroscopy and shadowgraph diagnostics were triggered 
through a dedicated external connection on the devices.  The Phantom camera saved images to 3 
GB of on-camera high-bandwidth memory. Relevant portions of the recording were selected and 
transferred to the attached computer after each test.  The 100 spectra captured by the Andor 
camera were automatically transferred to the attached computer after acquisition.  
 The detonation was initiated by a FS-43 Firing System from Teledyne RISI, and is shown 
in Figure 2.8.  This system provided a safe method to generate and release 4000 V at a precise 
time.  The system could be fired manually via the front panel, but we used the electronic trigger 
connection to synchronize the detonation with acquisition of the diagnostics.  Our system was 
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modified to include an optocoupler along the input line.  This device prevented any electrical 
feedback generated by the firing system from travelling along the input line. 
 
Figure 2.8: Pulse Generator (L) and Fireset (R) 
 The data collection and detonator initiation were triggered by a Stanford Research 
Systems #DG535 pulse generator, which is also shown in Figure 2.8.  Four outputs from the 
pulse generator were used to synchronize the events properly and provide individual channels for 
some diagnostics.  The first pulse was sent to the spectroscopy Andor camera, which had an 
internal delay between receiving the trigger signal and beginning spectra capture.  After a delay 
of 600 μsec, the pressure and pyrometry Picoscopes were triggered along with the camera flash 
light source on a shared channel, while the shadowgraph Phantom camera was triggered 
simultaneously on a dedicated channel.  After an additional 80 μsec delay, a pulse was sent to the 
firing system, which initiated detonation by releasing 4000V from internal capacitors.  The full 
wiring schematic for large facility tests is shown in Figure 2.9. 
All outputs from the pulse generator were set to generate TTL level signals of a positive 
voltage.  Because the camera flash was designed to trigger upon a short circuit instead of at a 
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voltage level, a circuit was constructed to convert the delay generator’s voltage pulse to a short 
circuit pulse.  This circuit was already in use with other light sources at UIUC [29]. 
 Figure 2.9: Wiring schematic for second test series, excluding AC power connections 
 
2.6 X-ray Diffraction Analysis of Residue 
 Another diagnostic was used for large facility tests in which powder residue was 
collected from inside the vessel and analyzed after the test.  X-ray diffraction (XRD) analysis 
identified and quantified the composition of the solid detonation products. 
 Residue was collected directly from the interior surfaces of the large vessel using a Shop-
Vac #2011427 vacuum.  Powder in the vacuum canister was collected and filtered through a 150 
mesh (106 μm) sieve.  Several steps were taken to avoid contamination between tests.  The 
vacuum filter was replaced after each test, and the canister was cleaned using ethyl alcohol.  The 
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corrugated vacuum hose was replaced with a smooth walled clear polyethylene tube, which was 
also cleaned with ethyl alcohol between tests.  The large facility vessel interior was vacuumed 
and cleaned with a Simple Green-water 1:10 solution and paper towels. 
 XRD Analysis was performed in the Frederick Seitz Materials Research Lab facility 
using a Siemens-Bruker #D5000 with a Cu X-ray tube operating at 40 kV and 30 mA.  Sieved 
residue powders of less than 106 µm particle size were placed without compaction in a sample 
dish, and a locked couple scan was performed at 1.714°/min, 0.02°/data point.  The range of the 
scan depended on the compounds expected to be in the powder, but typically covered the range 
of 2θ = 20° to 100°.  Additional high resolution scans were conducted on areas of interest; these 
scans were performed at a rate of 0.3°/min and 0.01°/data point.  Data was analyzed using Jade 9 
X-ray analysis software. 
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CHAPTER 3: FACILITIES 
3.1 Small Air Blast Facility 
 In order to conduct detonation experiments in air, it was necessary to design and 
construct a facility to contain the experiments.  This facility needed to contain the detonation 
products – harmful gasses and solid fragments – while still allowing access for the diagnostics.  
It also needed to be of sufficient size to approximate an unconfined detonation.  The standard 
operating procedure for this facility is available in Appendix Figures B.1-B.4. 
 For our small facility, a stainless steel cylindrical pressure vessel was purchased 
secondhand from Aaron Equipment Co.  The vessel had a diameter of 36” and an internal height 
of approximately 33”.  The wall thickness was approximately 1/4”.  Four large diameter ports 
with ANSI class 150 flange bolt patterns and four small diameter ports with female NPT threads 
were already welded onto the vessel as it was received.  The large ports consisted of two 6” 
flanges, one at the top and one at the bottom of the vessel; a 12” flange located below center on 
one side of the cylinder (henceforth referred to as the front); and a third 6” flange located above 
and off center on the right side.  A 2” and a 1” NPT port were located at the bottom of the vessel, 
and two 1/2” NPT ports were present on the rear of the cylinder, one near the top and one near 
the bottom.  Four pieces of extruded angle steel attached to the sides of the cylinder as legs.  A 
photograph and schematic of the facility are shown in Figure 3.1. 
 It was necessary to adapt this vessel to our experiments in several ways.  Flanges were 
designed to allow for necessary optical access.  [See Appendix Figures A.1-A.13 for engineering 
drawings of small facility components.]  The small ports were adapted for wire passthroughs, 
compressed air and exhaust ports.  A base was constructed to raise the vessel to increase access 
to the bottom flange and bring the front port up to the height of an existing optics table.  An 
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optical breadboard platform to attach diagnostics and a post to hold the detonator assembly was 
constructed inside the tank.   
 
Figure 3.1: Small facility pressure vessel photograph and schematic 
 Blind steel flanges were purchased and machined for each of the four large ports.  Each 
flange had a groove cut for a 3/16” diameter cross section O-ring.  Additionally, the top flange 
had a counterbored hole with a second O-ring groove designed to accept a 4” diameter by 1/4” 
thick window.  The window was secured by a ring which was bolted to a circular pattern of blind 
tapped holes in the flange.  The front port had a similar hole and window retaining ring, but sized 
to accept an 11.5” diameter by 3/4" thick window cut from U.L. 752 Level 1 rated bullet 
resistant polycarbonate-acrylic-polycarbonate laminate (Makrolon Hygard BR 750 or 
equivalent).  Eight blind 1/4”-20 tapped holes were drilled on the inner side of the bottom flange 
to support a post to hold the detonator assembly.  The side port was sealed by a blind flange with 
an O-ring. 
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 Initially, the NPT ports were configured as follows. The two 1/2” ports on the rear of the 
tank were attached to compressed air and exhaust lines.  The two ports on the bottom of the tank 
held the following Conax Technologies wire passthroughs: a #MHC4-062-A2-V two wire 
passthrough for the detonator wires and a #BSWS5-077-A6-V six wire passthrough for 
piezoelectric pressure transducer cables.  Initial tests revealed that the time required to 
sufficiently ventilate the tank after each test was very long with this port configuration.  
Subsequently the two wire passthrough was moved to the rear of the tank and the exhaust port 
was moved to the bottom, utilizing the 2” NPT port for maximum flow rate. 
 
Figure 3.2: Schematic of breadboard, charge holder, and retroreflective screen installed in the 
vessel, and a picture of the interior of the vessel as seen through the front port. 
 
 Since the facility was designed to be adaptable to various transducer configurations, an 
optical breadboard was inserted into the bottom of the tank.  All components installed in the 
vessel needed to fit through the 12” diameter front port, so a 1/2” stainless steel optical 
breadboard was cut into two sections and assembled to a frame made of 80/20 brand extruded 
aluminum inside the vessel.  Another piece of the extruded aluminum was bolted perpendicular 
to the bottom flange by right angle brackets, and protruded through the breadboard assembly.  
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The detonator assembly was attached to the top of this post via a U-bracket.  This configuration 
is shown in Figure 3.2, and provided no direct connection between the pressure transducers 
mounted to the breadboard and the detonator assembly, reducing vibration related noise and 
damage. 
 
3.1.1 Detonator Assembly 
 A small facility detonator assembly consisted of a steel block containing an electronic 
bridgewire detonator.  After installation in the vessel, a pellet of the reactive material to be 
studied was placed directly on top of the detonator.  The steel block was 2.5” x 2.5” in area with 
two through holes drilled to allow mounting to the U-bracket with ¼” bolts.  A center hole held 
the detonator and routed the wires out the bottom of the block.  Multiple blocks were created for 
use with different detonators and different confinement, but tests for this thesis were performed 
using Teledyne RISI RP-1 detonators confined in two manners, as shown in Figure 3.3 and 
described below.  Detailed drawings of these components are available in Appendix Figures 
A.14-A.16. 
 One assembly fully confined the detonator, so that the top surface of the detonator was 
flush with the top of the steel block.  This was accomplished by loading the detonator from the 
bottom of the block, and using an expendable 1/8” thick steel top plate, which needed to be 
replaced after each test. 
 The other configuration held the detonator above the block, confining only the plastic end 
section.  This detonator was loaded from the top into a hole drilled to the correct depth.  A 
smaller diameter through hole allowed for the detonator wires to go through the block.  
Significant damage to the facility from high velocity brass casing fragments prompted the 
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addition of a containment ring.  The ring was 3/8” thick, with an inner diameter of 1.5”.  The top 
of the ring was flush with the top of the detonator.  
 
Figure 3.3: Picture and Cross Section Schematic of confined (L) and unconfined (R) detonator 
mounts.  a. detonator  b. block  c. RM pellet  d. half plane approximation plate (not shown in 
photographs)  e. top plate  f. brass sleeve  g. plastic spacer  h. containment ring 
 
 
3.1.2 Instrumentation Location and Access 
 Three piezoelectric transducers were located inside the small facility vessel.  Several 
configurations were used, but typically two transducers were located 8.4” distant from the 
detonator, with the third at 11.25”.  One transducer at 8.4” was oriented side-on and the 
remaining two were oriented end-on, as described in Section 2.1.  This configuration allowed for 
the independent examination of the effect of distance and orientation on the quality of the 
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pressure data.  Piezoresistive transducers were not used for tests in this facility. The typical 
configuration is shown in Figure 3.4. 
 
Figure 3.4: Top view schematic of small facility transducer locations 
 Shadowgraph imaging was performed through the 11.5” window in the front port.  A 
retroreflective screen was attached perpendicular to the breadboard at the rear of the tank.  
Pyrometry and spectroscopy were performed through the 4” diameter window in the top port. 
 
3.2 Large Air Blast Facility 
 Soon after testing began in the small facility, the need for a larger facility became 
obvious.  The ability to test materials on a larger-scale and to access the interior of the vessel for 
cleaning and maintenance was needed, and was not possible using the small facility.  The large 
facility design provided increased internal volume, thicker vessel walls, and easy access to the 
interior.  Detailed drawings of the facility and related components are shown in Appendix 
Figures A.22-A.30, and the standard operating procedure is shown in Appendix Figures B.5-B.6. 
 The large facility vessel was designed as a 4’ x 4’ x 4’ box made of 1/2” thick steel plate, 
as shown in Figure 3.5.  Five sides of the box were welded together, and the final side was 
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secured with 24 3/4” bolts.  Three 10” x 22” rectangular cutouts on the left side, right side and 
door provided optical access, and a port to accommodate a 5” diameter by 1/4” window was 
placed at the top center of the tank.  Four 1/2” and three 3/4” NPT ports were welded to the rear 
wall of the large facility.  Instead of raising the facility to the height of the optics table, an 
adjustable height heavy duty rolling cart was fitted with an optical breadboard.  Lifting eyes and 
tabs to secure the tank to the floor were incorporated for possible future use. 
 
Figure 3.5 :  Schematic and photograph of large air blast facility. 
 The vessel was constructed by Silver Machine Shop of Champaign, IL, and was placed 
on a wood skid made from 4” x 4” and 2” x 6” members.  This skid provided some damping in 
the connection between the floor and the tank, and allowed for the tank to be moved with a 
forklift or pallet jack.  A carriage on ball rollers was designed and constructed from Unistrut 
brand extruded steel to hold the door in the correct location. 
 A 12” x 24” window of the 3/4” polycarbonate-acrylic laminate described in Section 3.1 
was installed in each of the three side windows.  Silver Machine Shop also fabricated flanges to 
secure the windows to the vessel.  A photograph and cross section schematic of the side windows 
is shown in Figure 3.6.  Borosilicate glass was installed in the top port.  For tests conducted by 
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this author, only the left and top windows were used.  Unused windows were protected with 
additional layers of plastic.  A steel reducer plate (Appendix Figure A.30) was attached to the 
inside of the left window to minimize the area to protect from fragments by expendable 
polycarbonate.  The remainder of the side window was covered with additional 1/2” and 1/16” 
polycarbonate, and the top window was protected with 3/4” bullet resistant polycarbonate-acrylic 
laminate and 1/16” polycarbonate.  For tests with minimal damage, the 1/16” sheeting was 
discarded but the thicker plastic was cleaned and reused, resulting in significant cost savings. 
 
Figure 3.6: Polycarbonate window mounting cross sectional schematic and picture.  a. window  
b. vessel  c. flange  d. bolt  e. nut and washer  f. gaskets  g. o-ring 
 
 The vessel was designed to be airtight when the door was secured.  A 1/8” thick natural 
rubber gasket was initially attached to the door around the edges, but was replaced with a 3/16” 
thick gasket of the same material for tests 8+, improving the seal significantly.  A 1/8” x 3/4” 
adhesive backed silicone rubber gasket (McMaster #93755K53) was applied around edges on 
both sides of each rectangular window.  Bolts around the windows were individually sealed with 
a 1/16” diameter cross section o-ring. Additional o-rings prevented leaks between the top port 
and the vessel and between the window and the top port. 
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 Threaded ports on the rear wall of the tank were used for ventilation, exhaust, wire 
passthroughs, and pressure transducer attachment points.  A 1/2” NPT port supplied compressed 
air and two 3/4” NPT ports connected to the exhaust line.  Ball valves in these lines were closed 
during testing.  Conax Technologies wire passthroughs #MHC4-062-A2-V and #BSWS5-077-
A6-V were used for the detonator wires and piezoelectric pressure transducer cables, 
respectively.  Piezoresistive transducer wires were routed through a hole drilled in a PVC NPT 
plug, which was sealed with epoxy.  The low cost of the piezoresistive wiring (USB cables) 
justified the permanent passthrough. 
 
3.2.1 Detonator – Sample Configuration 
 Tests in the small facility used a pellet placed on top of a detonator, as described above.  
A new configuration for the detonator assembly was sought for tests in the large facility to 
alleviate some challenges encountered with tests in the small facility.  The HE and RM masses 
were increased to reduce the effect of small defects in the assembly of the charge.  In order to 
mimic a casing configuration, the aspect ratio of the RM pellets were increased from D/L ~ 1 to 
D/L = 7.  This change decreased the distance from the center of the RM to the edge of the high 
explosive from approximately 0.15” to 0.065”. 
 A spherical high explosive charge covered in a uniform thickness layer of RM would 
have been ideal for these tests, however our facilities were limited to creating pressed powder 
RM’s in cylindrical form.  Alternate RM formation methods were considered, but ultimately 
rejected.  Epoxy casting reduced the powder density greatly and added too many other potential 
reactants to the RM, complicating the chemistry of the reaction.  Hot forging cylinders and 
machining to shape was likely to cause combustion or reaction in many of the powders of 
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interest, and required much more powder due to losses in machining.  Having investigated and 
rejected other methods to create a spherical casing of reactive material, an approximation was 
sought using our existing capabilities. 
 A plastic dodecahedron was designed and used to approximate a spherical charge: 11 of 
the 12 faces were covered with RM discs, and a Teledyne RISI RP-80 detonator initiated the 
contained HE from the bottom face.  The structure of the dodecahedron was 0.095” thick, but the 
wall thickness was reduced to 0.02” where the RM pellets were secured with epoxy.  The thin 
wall kept the assembly from leaking nitromethane, but provided as little separation between the 
HE and RM as possible.  This part was produced using a stereolithography style 3-D printer in 
the Mechanical Science and Engineering Department’s Ford Lab at UIUC; this process was 
advantageous due to low cost and low variability between parts.  The dodecahedron was filled 
full with nitromethane (approx. 18 cc) sensitized by 1% DETA through a 1/8” diameter hole 
adjacent to the top pellet in the dodecahedron.  Based on studies on the critical diameter of 
detonation for nitromethane [22, 24, 25], the propagation of the explosive through cones [17, 
18], the propagation of the explosive across a change in confinement material [20] and previous 
work with detonator initiated nitromethane at UIUC [29], a steel detonator mount was designed 
to ensure a full detonation wave propagated into the dodecahedron.  A schematic and photograph 
of the detonator assembly are shown in Figure 3.7, and detailed drawings are available in 
Appendix Figures A.31-A.33.  
 A 1.5” diameter optics pole attached to an 8” x 8” x 1” steel block held the detonator 
assembly.  Magnets were used in place of the steel block for the first tests, but the force of the 
detonation shattered the magnet quickly, forcing the implementation of the more robust steel 
block solution. 
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Figure 3.7: photo and cross section schematic of detonator and RM assembly.  a. detonator  
b. detonator holder  c. dodecahedron  d. RM pellets  e. spacer  f. set screw  g. optics pole 
 
  
3.2.2 Instrumentation Location and Access 
 Pressure transducer locations are shown in Figure 3.8.  Piezoresistive and piezoelectric 
transducers mounted in lollipop gauges were held on poles with magnetic bases.  The bases 
secured the transducers to the floor inside the vessel.  Transducers were placed at 18” distant 
from the charge.  Shadowgraph images were taken through the window on the left side of the 
tank.  A 2’ x 3’ screen was constructed from PVC, coated with retroreflective tape and sacrificial 
plastic, and secured in front of the right window using two magnets.  Pyrometry and 
spectroscopy measurements were taken through the top port window.  The GEMS pressure 
transducers were attached to the tank via an NPT port and flexible plastic tubing.  
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Figure 3.8: Top view schematic of large facility transducer locations 
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CHAPTER 4: MATERIAL PREPARATION 
 Two sets of experiments were conducted.  A series of tests was conducted in the small 
facility on a variety of reactive and inert materials, all fairly well characterized in the open 
literature [30-39].  The results of these tests were compared to the expected results to determine 
the quality of the diagnostics and experimental design.  With this information, improvements 
were made and a second series of tests was conducted in the larger facility.  This series of tests 
investigated novel materials or combinations of materials, concentrating on the effect of tungsten 
on detonation performance and the possibility of tungsten oxidation enhancing that performance.  
For information about specific powders used, please see Appendix Table C.1. 
 Several materials were tested in the small facility.  Compounds with the potential for 
thermite, intermetallic, and metal oxidation reactions were studied in comparison to inert 
baselines.  Pellets were created with a constant diameter of 0.295” (7.49 mm) to match the inner 
diameter of the RP-1 detonator casing.  Target mass was 1.8 g for all pellets except Ti-B, which 
was reduced to 0.6 g due to the low density of the material.  Since the diagnostics were still in 
development during these tests, all materials were tested at least twice to increase confidence in 
the data.  Materials tested are described in Table 4.1. 
Table 4.1: Small facility materials tested 
Material 
Mole 
Fraction [%] 
Weight 
Fraction [%] 
RM Vol. 
[cc] 
% of TMD RM Mass 
[g] 
Notes 
Al-CuO 
Al – 57.1 
CuO – 42.9 
Al – 31.1 
CuO –68.9 
0.482 85.2 1.831 2x Fuel Rich 
Al-NiO 
Al – 57.1 
NiO – 42.9 
Al – 32.5 
NiO – 67.5 
0.480 82.4 1.786 2x Fuel Rich 
Ti-B 
Ti – 50 
B – 50 
Ti – 81.6 
B – 18.4 
0.231 67.7 0.605 Stoichiometric 
Zr-Zn 
Zr – 97.2 
Zn – 2.8 
Zr – 98.0 
Zn – 2.0 
0.424 65.4 1.808 
Zn added for 
structural stability 
Steel 
  
0.201 100 1.804 
Turned from bar 
stock 
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 The theoretical energy releases for reactions likely to occur in the small facility tests were 
computed from thermochemical data in the JANAF tables and other sources [40-44], and are 
shown in Table 4.2.  The theoretical energy releases for thermite and intermetallic reactions are 
well below those for oxidation reactions, but the need for atmospheric oxygen to reach the metal 
via diffusion is known to slow these reactions significantly compared to the thermite and 
intermetallic reactions, which contain all necessary reactants in the powder.  Prompt energy 
release causes the largest pressure and temperature increases, and therefore we expected the 
highest performance from Al-CuO and Al-NiO despite their lower theoretical energy release.  
The large theoretical energy release for boron oxidation justified reduction of the mass for this 
pellet, since significant boron oxidation would still cause a measurable increase in diagnostic 
values due to high energy release.   
Table 4.2: Theoretical energy release values for reactions occurring in pellets.  Reactants and 
products solid unless otherwise noted. 
Reaction 
Theoretical Energy Release 
(kJ/gram of solid reactants) 
2Al + 3CuO  Al2O3 + 3Cu 4.13 
2Al + 3NiO  Al2O3 + 3Ni 3.44 
4Al + 3O2(g)  2Al2O3 31.05 
Ti + B  TiB 2.73 
Ti + O2(g)  TiO2 19.61 
4B + 3O2(g)  2B2O3 58.83 
Zr + O2(g)  ZrO2 12.03 
2W + 3O2(g)  2WO3 4.59 
2Zn + O2(g)  2ZnO 5.36 
2W + 5B  B5W2 0.35 
Hf + O2(g)  HfO2 6.24 
 
 Materials for the large facility test series were chosen to investigate the oxidation of 
tungsten.  The series was divided into three sets of tests.  Seven materials were chosen to 
establish a baseline and investigate the effect of tungsten addition on several systems.  Solid steel 
turned from bar stock was used as an inert in the first series, but damage concerns from the 11 
solid pellets acting as projectiles inside the vessel necessitated the use of a pressed powder inert 
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material.  Iron powder was not an option because it is not inert in powder form.  Tungsten oxide 
was used as an inert material because it has a density close to that of steel.  Tungsten was 
combined with aluminum and zirconium to examine if the oxidation of these metals would cause 
the tungsten to react.  Alumnium and zirconium were tested without tungsten added for 
comparison.  Tungsten was also added to a fuel rich thermite mixture of aluminum-copper oxide.  
Finally, the strength of the tungsten-boron intermetallic reaction in conjunction with boron and 
tungsten oxidation was investigated.   
Based on the strong reactivity of the two tests with zirconium in the first seven tests, we 
chose to further investigate other compounds with tungsten and zirconium.  Five additional tests 
were chosen.  Two tests of the W-Zr system with increased tungsten content were conducted to 
determine how performance relates to zirconium content.  The effect of tungsten particle size 
was investigated with a test using tungsten of less than 1 µm particle size instead of the -325 
mesh (< 44 µm) powder used for all other tests.  Zirconium was added to the W-B mixture tested 
in the first set to determine if the increased heat from the zirconium oxidation would cause a 
more vigorous reaction in the boron and/or tungsten.  Finally, a Zr-Zn-W system was included in 
the set based on promising results from research in UIUC’s reactive bullet tests [7].   
After reviewing the data from the first twelve tests, three additional tests were conducted 
to finish the series.  The effect of the substitution of hafnium for zirconium was investigated by 
testing a Hf60-W40 system, and two materials were tested again to determine repeatability of the 
facility.  Aluminum was chosen as a repeat to check consistency over the course of the series, 
because it was first tested early on.  Also, Zr30-Zn50-W20 was chosen for a repeat test due to an 
abnormality in the piezoresistive pressure trace (Appendix Figure E.9), which we sought to 
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determine as physical, by its presence in the repeat, or as an anomaly.  The target volume for 
each set of 11 pellets was 4.95 cc.  Details of the tests performed are shown in Table 4.3. 
Table 4.3: Large facility tests performed 
Test 
No. 
Date 
Tested Material 
Weight 
Fraction [%] 
Volume  
[cc] 
% of 
TMD 
Mass 
[g] Notes 
1 5-06-10 Al80-W20 
W – 63 
Al – 37 
4.91 85.4 24.71 
Mechanically 
Alloyed 
2 5-25-10 Zr80-W20 
W – 33.5 
Zr – 66.5 
5.11 62.7 26.79 
Mechanically 
Alloyed 
3 5-26-10 Al40-(CuO)40-W20 
Al – 13.6 
CuO – 40.1 
W – 46.3 
4.95 85.0 30.53 
Ultrasonic Mix 
 
4 5-26-10 Al Al – 100 5.09 83.2 11.44 
 
 
5 5-26-10 WO3 WO3 – 100 4.97 71.9 25.54 
 
 
6 06-04-10 B71.43-W28.57 
B – 12.8 
W – 87.2 
4.94 71.9 35.87 Ultrasonic Mix 
7 06-04-10 Zr 
Zr – 98 
Zn – 2 
4.886 61.9 19.74 
Ultrasonic Mix 
Zn for green str. 
8 07-05-10 Zr80-nW20 
Zr – 66.5 
nW – 33.5 
4.964 59.9 24.87 
Mechanically 
Alloyed 
9 07-05-10 Zr30-Zn50-W20 
Zr – 28.3 
Zn – 33.8  
W – 38 
4.96 80.3 36.05 
Mechanically 
Alloyed 
10 07-05-10 Zr30-B50-W20 
Zr – 39.4 
B – 7.8 
W – 52.9 
4.85 67.6 27.22 Ultrasonic Mix 
11 07-09-10 Zr60-W40 
Zr – 42.7 
W – 57.3 
4.96 66.3 34.46 
Mechanically 
Alloyed 
12 07-29-10 Zr40-W60 
Zr – 24.9 
W – 75.1 
4.89 63.2 40.01 
Mechanically 
Alloyed 
13 07-29-10 Zr30-Zn50-W20 
Zr – 28.3 
Zn – 33.8  
W – 38 
4.96 80.2 36.05 
Mechanically 
Alloyed, Repeat 
14 07-29-10 
 
Al 
 
Al – 100 4.99 84.4 11.37 Repeat 
15 07-29-10 Hf60-W40 
Hf – 59.3 
W – 40.7 
4.84 64.4 47.33 
Mechanically 
Alloyed 
 
4.1 Powder Mixing Methods 
Two mixing methods were employed to combine reactive materials composed of more 
than one compound.  All materials tested in the small facility and some materials tested in the 
large facility were mixed ultrasonically as a solution in hexane.  This was performed by 
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combining component materials of the correct proportion in a beaker and adding hexane until the 
volume of the mixture was at least double that of the powder alone.   The solution was mixed 
with a Cole-Parmer Ultrasonic Processor for five minutes, and then vacuum dried.  The 
ultrasonic mixer and vacuum oven are shown in Figure 4.1. 
All Series 2 materials that were not likely to react aerobically were mixed by mechanical 
alloying in a ball mill.  While ultrasonic mixing arranges all the particles randomly, mechanical 
alloying fractures and recombines the particles such that each micro-particle is a cluster of nano-
particles from all the materials mixed.  This greatly increases the surface area of contact between 
the different materials, which can increase the rate of reaction [10]. 
 
Figure 4.1: Planetary ball mill (L), ultrasonic mixer (C), vacuum oven (R) 
Mechanical alloying (M.A.) was performed in a planetary ball mill from Torrey Hills 
Tech, also seen in Figure 4.1.  This mill had a continuously variable planet to sun ratio which 
was set at 2.0.  There were 33 stainless steel balls of 10 mm diameter used as the grinding media 
in each 80 ml stainless steel grinding jar.  The mass ratio of the balls to the powder (charge ratio) 
was 10:1.  Milling was conducted in 5 hour increments, with at least 1 hour pause before 
resuming.  Milling was initially performed without a process control agent in argon atmosphere.  
After the spontaneous combustion of one batch of Zr80-W20 shortly after removal from the mill, 
milling was performed with hexane added as a process control agent.  The hexane was removed 
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after milling by vacuum drying.  Unpressed dry powders that were pyrophoric were stored under 
argon to prevent spontaneous combustion. 
 
Figure 4.2: XRD analysis of two RM powders, before and after mechanical alloying. 
Al80-W20 and Zr80-W20 were the first materials milled.  XRD analysis was performed on 
samples of these powders before and after milling to confirm the effect of the process.  Data is 
shown in Figure 4.2.  In the Al80-W20 traces, the peak intensities for both materials were reduced 
after milling, but the Al peaks were reduced by a larger fraction than the W peaks.  In the Zr80-
W20 traces, the intensities of the Zr peaks were significantly reduced by milling, but the W peaks 
had similar and in some cases increased intensity after milling.  Additionally, all peaks were 
broadened by milling.  As observed by Ouyang in the Al-W system, this reduction of the 
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intensity of Al peaks after milling indicates that Al is entering into the W matrix [14].  While no 
mechanical alloying studies were found on the Zr-W system, a similar reduction lends 
confidence that Zr is being absorbed into the W matrix as well.   The author felt this data was 
sufficient to justify the mechanical alloying process parameters, so XRD analyses of unmilled 
powders were not performed on the remaining materials tested. 
Of all materials mechanically milled, only the Al80-W20 visibly increased in particle size 
due to the milling.  This is because the ductility of the aluminum allowed the cold welding 
process to dominate the fracturing process, increasing particle size by agglomeration.  After 
milling, individual particles were easily visible without magnification.  The performance effects 
of this particle size difference are discussed in Chapter 5. 
 
4.2 Pellet Forming 
Pellets were formed by uniaxial compression of powders.  Two dies were used to create 
pellets with diameters of 0.295” and 0.625”, and they are shown in Figure 4.3.  In each case, the 
die was prepared by cleaning with ethyl alcohol and application of zinc stearate dry mold release 
agent by an aerosol spray to the cavity wall between each pressing.  Dry powder of the desired 
pellet mass was weighed and poured into the cavity of the press.  The die was loaded using a 50 
ton shop press, shown in Figure 4.4. 
The two test series conducted held different parameters constant.  Pellets formed for the 
first series were ideally of equal mass and % TMD.  Pellets formed for the second series were 
ideally of equal volume and % TMD.  Thus, for the first series, an appropriate mass of powder 
was weighed (typically 1.84 g) and poured into the press, and the resulting pellet was weighed 
and the diameter and height were measured with calipers to determine the volume and % TMD.  
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If the mass was not on target, the initial mass of powder was adjusted to compensate for losses in 
the process.  If the % TMD was not on target, the press force was adjusted.  Die pressure used 
varied by material, but was typically 60-100 bar for 0.295” diameter pellets.  
 
Figure 4.3: Ø0.295” die, assembled and components (L), Ø0.625” die assembled (C), Ø0.625” 
die components (R) 
 
 
Figure 4.4: 50 ton shop press 
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For the second series, an estimate of the necessary weight of powder was calculated from 
the mixture density, the desired % TMD and the desired volume.  This amount of powder was 
weighed and pressed, and the resulting pellet was weighed and measured to determine the mass, 
volume and % TMD.  First, the press force was adjusted to create pellets with the target % TMD, 
and then the mass of powder was adjusted to correct the volume of the pellets.  This process was 
complicated by the discovery that pellets formed with pressure above 250 bar disintegrated upon 
removal from the press and subsequent handling.  Because of the limit on press force, many 
materials could not be pressed into 85% TMD pellets.  In these cases, the maximum % TMD 
obtainable while creating pellets that did not crumble was used instead.   Die pressure used 
varied by material, but was typically 200-250 bar for 0.625” diameter pellets.  Individual pellet 
physical data are available in Appendix Tables C.2-C.16. 
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CHAPTER 5: RESULTS AND DISCUSSION 
 This chapter presents the results of the experiments described in the previous chapters.  
The series of tests in the small facility validated the concept and allowed for improvement of 
diagnostics.  The large facility test series first explored the combination of several types of 
materials with tungsten and identified materials of interest for further tests, then continued by 
investigating materials with tungsten and zirconium, and the effect of hafnium substitution for 
zirconium. 
 
5.1 Small Facility Results 
 Tests in the small facility were conducted to evaluate the merit and sensitivity of the 
diagnostics used.  Also, appropriate procedures and precautions for the use of air blast facilities 
were developed during these tests.  Repeatability was established through multiple tests 
conducted for each material, though some diagnostics did not capture good data for every test.  
As discussed in Chapter 4, the thermite pellets (Al-CuO and Al-NiO) were expected to be most 
reactive, the intermetallic Ti-B and combustible metal Zr pellets were expected to be mid-range, 
and the steel pellet and bare detonator tests were expected to be least reactive. 
 
5.1.1 Pressure Results 
 A typical set of pressure traces from the lollipop gauge mounted piezoelectric transducers 
is shown in Figure 5.1, and full results are available in Appendix Figures D.1-D.18.  Pressure 
traces obtained in these experiments showed a typical blast profile, with a sharp rise to a peak 
pressure, followed by an exponential decay to a negative pressure phase. However, due to the 
geometry of the tank, the negative phase was interrupted by a second positive phase from 
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reflected shockwaves instead of gradually returning to zero.  These piezoelectric transducer 
measurements were only of the initial blast wave, and thus only represented information related 
to prompt reaction of the RM.  Late time energy release that may have occurred was not reflected 
in these data.  
 
Figure 5.1: Pressure traces for three gauges from a bare detonator test on 10/1/2009 
The total impulse of the first positive phase was determined by integration using the 
trapezoidal method. Peak positive phase pressure was determined by the intersection of the rising 
edge of the positive phase (as determined by a linear fit) and the falling edge decay of the 
positive phase (as determined by an exponential fit). This method, shown in Figure 5.2, finds 
peaks consistently for varying levels of signal noise, without relying on digital filtering to 
smooth the data. Data past the first positive phase is not evaluated due to interruption by 
secondary shockwaves.  
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Figure 5.2: Example of peak finding method 
Average peak pressure values by material and gauge location are shown in Figure 5.3.  
Even with processing to minimize the effect of noise, the peak pressure was not an accurate 
indicator of RM performance. The 8.4” end-on data differentiated best between some RM pellets 
and inerts, but Ti-B peak pressure was only 6% above that of steel.  It is also important to note 
the lack of consistency between gauges with this metric; the Al-CuO test was the largest value 
for the two end-on gauges, but fourth highest for the side-on gauge.  Zirconium had the second 
largest peak pressure as measured by the 8.4” end-on gauge, but values from the other gauges 
were similar to values for steel.   
Positive phase impulse by material and gauge is also presented in Figure 5.3, and is seen 
to be a more reliable indicator of performance than peak pressure. The relative values of impulse 
are consistent between gauges with two exceptions.  The first exception is that the gauge located 
end-on the furthest from the detonation at 12.65” showed no significant differentiation between 
materials other than Al-CuO.  Subsequent small facility tests used gauges 8.4” and closer to the 
detonation, and found the data to be better than that from the 12.65” distant gauge.   
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Figure 5.3: Peak pressure (L) and total impulse (R) of the first positive phase for Series 1 tests.  
Multiple tests of each material were conducted; values are mean of recorded data with error 
bars of one standard deviation.  Error bars not included for tests with only one data point 
 
The other exception is the large impulse recorded by the side-on gauge for the bare 
detonator test.  The orientation of the 8.4” side-on gauge was changed for large facility tests. The 
tests in the small facility were conducted with the original orientation, thus the shape of the 
shockwave could affect the angle at which the shockwave intersected the gauge. A schematic of 
this effect is shown in Figure 5.4.  The bare detonator shockwave shape differed from all other 
tests due to the lack of damping from a pellet, as will be discussed in Section 5.1.2.  Because of 
the oblong shockwave shape, the shockwave intersected the gauge at an intermediate angle 
between side-on and end-on, increasing the recorded pressure above that of a side-on pressure 
measurement. To mitigate this issue, the gauges were reoriented for the large facility tests so that 
perpendicular intersection with the shockwave was ensured for any axially symmetric 
detonation.  
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Figure 5.4: Detonation wave intersection with side-on gauge before (L) and after (R) 
reorientation. 
 
 Pressure measurements were shown to be repeatable and sensitive to RM used by the first 
positive phase impulse metric, so subsequent tests in the large facility used this metric and 
expanded upon it with the addition of piezoresistive sensors, some in lollipop fixtures and others 
measuring the vessel overpressure on a longer time scale.  The lack of consistency and 
repeatability in this measurement contributed to a shift of focus in pressure measurements 
towards impulse metrics for subsequent experiments. 
 
5.1.2 Imaging Results 
 Image sequences recorded with the high speed camera were processed in MATLAB.  A 
typical sequence is shown in Figure 5.5, and all images are shown in Appendix Figures D.19-
D.36.  The primary information obtained from post-processing of the image sequence was the 
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time-resolved shockwave velocity.  Additional information about the shape of the shockwave 
and the location/duration of any light emitting reaction was also obtained.  
 
Figure 5.5: Shadowgraph image sequence of 10/1/09 bare test.  28.5 µs frame interval.  The 
origin of detonation is indicated by the green X, and the tracked tip of the shockwave is 
identified in blue. 
 
The shockwave was identified using the Sobel operator for edge detection [45].  The 
shockwave location was calculated relative to the initial position of the pellet in the image, and 
simple differentiation was used to determine shockwave velocity between consecutive frames.  
The identified shockwave edge is shown in blue on the images.  Tests with RM and inert pellets 
produced approximately spherical shockwaves, while bare detonator tests produced oblong 
shockwaves.  For non-spherical shockwaves, only the leading tip was tracked.  The average 
velocity history for each material is plotted in Figure 5.6. 
Shock wave velocity was highest for bare tests, but differences in velocity profiles 
between inert and RM pellets were not statistically significant. There are several possible reasons 
for the lack of sensitivity of this measurement. One concern is light emission from intense 
reaction obscuring the shock wave, and this occurred often in the first 2-5 images after 
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detonation for each test. The edge of the reaction was tracked instead of the shockwave for these 
frames, but the shockwave emerged from obfuscation as the reaction slowed, and this transition 
caused an artificial spike in the velocity data.   
 
Figure 5.6: Average shockwave velocity profile by material. 
Another concern was that the shockwaves attenuated quickly, and so the late time 
shockwave velocity was similar for all tests, with or without a pellet. There were very few points 
of data in the range between the emergence and attenuation of the shockwave.  Because only a 
few frames from each test qualified, the quantity of velocity data was smaller than desired to 
obtain average values. 
A final concern was that, due to the framing rate of the camera, there was uncertainty as 
to the exact initiation time of the reaction.  The signal sent to the fireset and the frame timing of 
the camera were not synchronized, so the beginning of detonation can only be determined to the 
nearest frame.  An approximation of one half frame before the first frame with visible reaction is 
used as the initiation time. This allows for comparison between tests with possible time shift 
limited to the average frame rate.   
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The shockwave quickly separates from the reaction, sometimes in as little as two frames 
after detonation (~60 µsec).  After separation, it is not feasible for continuing reactions to have 
any effect on shockwave velocity.  Because the RM reacts slower and later than the HE, the 
physical properties of the RM may have more effect on the shockwave velocity by simply 
impeding the HE generated wave than the chemical properties do in augmenting it by increased 
reaction.  These challenges combine to make shockwave velocity a poor indicator of RM 
performance for the Series 1 tests. 
 
5.1.3 Pyrometry Results 
Light intensity levels at 730 and 940 nm were recorded using the pyrometer, with typical 
results shown in Figure 5.7 and full results available in Appendix Figures D.37-D.47.  These data 
were interpreted directly to show relative intensity and duration of reaction between tests, and 
also used to calculate time resolved temperature of the fireball.  In order to prevent saturation of 
the photodiodes, neutral density filters were installed in front of the pyrometer for some high 
luminosity tests.  For low luminosity tests, the gain setting on each photodiode was increased to  
 
Figure 5.7: Photometric data of the 7/16/09 Ti-B pellet test 
54 
 
boost signal level.  Alterations to the light level recorded were compensated for in post-
processing of the data, allowing for the comparison of light intensity traces between tests.   
 
5.1.3.1 Luminosity 
During the series of small facility tests, some luminosity traces were recorded that were 
vastly different from the typical shape, as shown in Figure 5.8.  Data from these tests were 
examined to determine if the difference in the pyrometry data was justified and physical.  
Temperatures calculated from these data were orders of magnitude larger than previously 
recorded, with spikes of greater than 10
7
 K and prolonged temperatures of about 40000 K.  
Because all other diagnostics from these tests did not display similar order of magnitude 
differences, a measurement error in the pyrometer was suspected.  When the instrument was 
examined, misalignment and loosening of the optics was discovered.  The damage was attributed 
to repeated shockwave impacts, since the instrument was mounted directly to the vessel.  This 
led to the redesign of the instrument, as was described in Chapter 2.  Due to the difference in 
optical collection efficiency between the designs and the concern over the accuracy of the early  
 
Figure 5.8: Sample erroneous data from direct view pyrometer. 
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results, we did not attempt to compare signal levels from the fiber-optically-coupled pyrometer 
with those from the direct view pyrometer. 
 
Figure 5.9: Light intensity data recorded by the direct view pyrometer 
Bare, steel, and titanium boride pellet tests were recorded with the direct view pyrometer, 
with results shown in Figure 5.9. It is apparent by examination of high speed video and 
spectroscopy data that light emission of the Ti-B reaction was significantly lower than the other 
RMs tested. Nevertheless Ti-B emitted 3 times the light of steel tests. The increased duration of 
the Ti-B signal indicates additional reaction beyond that of the detonator. These data show that 
even moderately luminous RM reactions display a measurable increase in luminosity over non-
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reactive systems.  Additionally, the small observed luminosity of the detonator from the bare 
tests indicates that the vast majority of light emission is due to RM reaction. 
 
 
Figure 5.10: Light intensity data recorded by the fiber coupled pyrometer.  Saturation occurred 
in the 730 nm Zr trace between 2 and 3 ms. 
 
Al-NiO, Al-CuO, and Zr pellet tests were recorded with the fiber coupled pyrometer.  
Due to the significant difference in instrument setup, these data are not quantitatively comparable 
to data collected with the direct view pyrometer.  Intensity data from the fiber coupled pyrometer 
is shown in Figure 5.10.  Each trace shows an initial peak followed by some features in the later 
time.  The later features of the Al-CuO trace occur most quickly, with a peak before 0.5 ms and 
significant decrease in signal by 3 ms.  In contrast, the Al-NiO trace exhibits a significant delay, 
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with a gradual rise to a peak after 2 ms, and moderate signal levels including a second peak 
through 7 ms.  The zirconium trace has a similar delay to the Al-NiO trace.  The presence of late 
time features indicates luminous reaction occurring well after the initial detonation.  Thus, the 
delay between the initial luminosity spike and the subsequent features can be used as a metric of 
reaction delay for the material.   
Additionally, the traces have different magnitudes.  Light emission from the zirconium 
test was approximately 6 times that of the Al-NiO test and 60% greater than the Al-CuO test.  
Because the chemical reactions occurring are specific to the materials present, it is incorrect to 
assume measured light intensity correlates directly to reaction intensity between materials. 
Photometry can be used to determine the time, duration and relative magnitude of 
luminous reactions occurring in a given detonation.  Because of the varying and unknown 
inherent luminosity of different materials’ reactions, the correlation of absolute intensity values 
to reaction strength between tests of different materials is error prone. Quantitative comparisons 
of photometry data are possible between tests in which the same reaction is occurring; for 
example, the effect of processing methods or material ratios could be evaluated with this 
diagnostic.  
 
5.1.3.2 Black Body Temperature 
Due to the jarring effect of testing upon the instrument, data from direct view pyrometry 
tests were not accurate to the degree necessary to calculate black body temperature.  Data from 
tests recorded with the fiber coupled pyrometer were used to calculate time resolved black body 
temperature of the fireball. Sustained illumination was present in these tests for the entire 
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recorded range. This sustained illumination and robust setup allowed for calculation of time-
resolved temperature.  
       
       
  
      
 
  
          
 
   
      
 
  
          
 
   
 (5.1) 
 
The ratio of the measured signals was corrected using the 3100 K calibration, then 
Equation 5.1, which is derived from application of Planck’s law at two known wavelengths, was 
solved for temperature.  The solution set of Equation 5.1 is plotted in Figure 5.11.  The choice of 
wavelengths observed (730 and 940 nm) results in temperatures under 6000 K being calculated 
most reliably.  Above 6000 K, temperature becomes very sensitive to the intensity ratio, 
increasing uncertainty.  As the intensity ratio departs from 1:1 in either direction, the uncertainty 
also increases due to the magnified effect of signal noise on the ratio of a small value. 
 
Figure 5.11: Intensity ratio to black body temperature solution curve. 
Results are presented in Figure 5.12.  We discovered that pyrometric temperature 
calculation has potential but measurements with our instrument suffered from high uncertainty 
due to variation in calibration. Temperatures calculated do not agree with calculated reaction 
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temperatures of 2843 K for Al-CuO, 3187 K for Al-NiO [43], and measured reaction 
temperatures of 4000-5000 K for zirconium oxidation [33, 46]. 
 
Figure 5.12: Time resolved temperature traces as determined by two color pyrometry. 
Two causes for the variation in calibration were indentified.  Though the light source 
used was diffuse, the calculated correction factor was still found to be very sensitive to the 
position of the calibration source.  Additionally, the halogen calibration source was low 
luminosity compared to a reaction, such that even with maximum gain from the photodiodes 
voltage rise was less than 0.1 V.  These low signal values were significantly affected by noise 
and baseline movement of the photodiodes throughout the testing period.  Because repeatability 
issues with calibration caused uncertainty when comparing temperatures, further investigation 
and a redesign of the pyrometry system was conducted before large facility tests commenced, as 
was described in Chapter 2.  
 
5.1.4 Spectroscopy Results 
Spectroscopic data were recorded over wavelengths of 400-650 nm.  A typical spectrum 
is shown in Figure 5.13 after intensity correction.  For the aluminum-based tests, data were 
60 
 
processed to quantify time resolved AlO formation.  For the other tests, a portion of the spectrum 
was fit to a black body curve to determine temperature. 
 
Figure 5.13: Typical spectrum from Al-based material test 
To quantify AlO emission, features above the black body curve which are known to be 
due to AlO reaction were integrated to give a measurement related to the oxidation rate of the 
aluminum for each spectrum recorded. A strong peak at 589 nm corresponding to trace sodium is 
visible in all tests, and is likely from contaminants in the HE [47]. 
 
Figure 5.14: Integrated AlO intensity 
As seen in Figure 5.14, the rise in the traces after the initial peak indicates late burn of 
aluminum in both Al-CuO and Al-NiO tests.  Spectroscopy data has shown that while the 
61 
 
thermochemical potential of these aluminum-based RMs is high, most of the energy from the 
AlO reaction was released during late time deflagration, not detonation.  Because pressure 
observations were limited to the first positive phase in this test series, we had no way to 
determine if this late burn was causing a pressure effect.  This observation drove efforts to 
capture useful late time pressure data for the large facility tests. 
As explored by Peuker, only under certain conditions does AlO emission intensity 
correlate directly to aluminum particle combustion [5]. Optical thickness of the fireball can 
obscure AlO emission from combustion inside the fireball, reducing the measured AlO intensity. 
Peuker found that location of aluminum particles in the RM strongly affected measured intensity, 
as aluminum burning is more readily observed on the surface of the fireball than inside.  RM’s 
tested for this study were well mixed, so by assuming a uniform particle distribution in the 
pellets we felt that comparisons could be made between tests. 
 
Figure 5.15: Black body temperature of zirconium pellet tests as determined from spectra 
Zirconium does not emit defined features in the wavelength range recorded, so 
spectroscopy data was used to calculate temperature of the reaction. The black body curve of 
Equation 5.2 was fit to the 467-540 nm range of the data for each spectrum by two variable 
optimization for A (an arbitrary intensity factor) and T (temperature).   
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(5.2) 
As with temperature determination by pyrometry, intensity calibration repeatability was a 
significant issue, with temperature varying by over 900K between tests of the same material, as 
shown in Figure 5.15.  However, the temperatures are within the range found in the literature 
[33, 46], so while the precision is low, the accuracy is reasonable. 
 
5.2 Large Facility Results 
 Results of tests in the large facility are presented in the following sections.  With the 
diagnostic tools tested and improved based upon the results of the small chamber tests, the 
results are used in the traditional method, to make judgments about the performance of the 
materials tested.  Due to the greater cost and time investment for each test, repeatability was 
checked for only two of the materials tested: Al and Zr30-Zn50-W20. 
 
5.2.1 Pressure 
 Pressure data from the lollipop mounted gauges and in-wall transducers are shown in 
Appendix Figures E.1-E.45.  First positive phase impulse and peak pressure metrics were 
obtained from the lollipop gauge results in the same method described in Section 5.1.1.  
Quasistatic pressure (QSP) of the vessel was determined by an intersection of the steady pressure 
decline with the abrupt pressure rise, as determined by linear regression of the two areas of data 
after cyclical variation was reduced using a 10,000 point linear averaging filter. This method is 
shown in Figure 5.16. 
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Figure 5.16: Example of QSP determination by intersection of linear fits. 
 The mean quasistatic pressure for each material tested is shown in Figure 5.16.  The inert 
control material had the lowest quasistatic pressure, at 2.6 psi.  The intermetallic B71.43-W28.57 
system had the lowest QSP of the RM’s tested, at 5.2 psi.  Of the three aluminum-based 
materials tested, the Al40-(CuO)40-W20 system had the largest QSP at 8.5 psi, while the pure 
aluminum and the Al80-W20 systems had similar QSP values, around 7.1 psi.  Eight tests 
contained zirconium or hafnium, and they had the largest QSP values of materials tested, with at 
least 8.85 psi.  The four lowest pressure values of the Zr and Hf tests were all within a range of 
0.1 psi: Zr80-W20, Zr80-nW20, Zr30-B50-W20, and Zr.  Zr40-W60 and Hf60-W40 had QSP values 
slightly higher than the group of the lowest four, while Zr60-W40 and Zr30-Zn50-W20 were 
separated by a larger margin. 
For all tests except Zr40-W60, multiple QSP values were determined from multiple gauges 
or repeated tests, so uncertainty in the measurement can be approximated as the largest 
difference in QSP for a material tested, which is shown by the error bars in Figure 5.17.  
Uncertainty in this measurement was not constant: for tests of WO3 and Zr80-W20 uncertainty is 
less than 1.5% of the value, but for tests of Hf60-W40, Zr30-Zn50-W20, Zr80-nW20, and Al the 
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uncertainty is 7-8% of the value. Because both of the materials that were tested multiple times 
have high uncertainty, an uncertainty of 8% is appropriate for QSP values. 
 
Figure 5.17: QSP mean values, by material 
Tests with zirconium or hafnium had the largest QSP values.  The aluminum, Al80-W20, 
and B71.43-W28.57 materials had at least 20% lower pressure than Zr/Hf tests.  Al40-(CuO)40-W20 
performed better, but still 4.9% below zirconium.  Between zirconium systems, the results are 
more difficult to interpret.  The QSP metric had low sensitivity to varying tungsten content in the 
W-Zr binary system; addition of 20%-at, 40%-at, and 60%-at. tungsten content caused a 1% 
decrease, 6% increase, and 2% increase in QSP, respectively.  Sub-micron tungsten particle size 
had a negligible (0.2%) effect on QSP when tested with Zr80-W20.  The substitution of hafnium 
for zirconium at a 60%-at. level reduced the QSP by 3.5%.  The only significant standout in the 
Zr and Hf tests was the Zr30-Zn50-W20 system, which performed 8.6% better than pure zirconium, 
and used only 28% as much zirconium relative to the same.  The role of zinc in this system will 
be discussed in the XRD results, Section 5.2.5. 
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 Pressure data traces from the lollipop gauges’ transducers are shown in Appendix Figures 
E.1-E.15. These data are observed to be of a similar shape to the measurements in the small 
chamber, following the typical blast profile until reflected shockwaves reached the gauge.  The 
pressure traces were processed to yield three metrics: first positive phase peak pressure, first 
positive phase impulse, and total recorded impulse. 
 First positive phase peak pressure was calculated for each test for completeness, though 
based on the first series of tests this metric was known to be inconclusive.  Peak pressure values 
and uncertainties are presented in Figure 5.18, though no interpretation of these results will be 
attempted. 
 
Figure 5.18: 1st positive phase peak pressure, by material tested 
The first positive phase impulse was calculated in the manner described in Section 5.1.1.  
Impulse values are shown in Figure 5.19.  Mean values are presented; where multiple 
measurements of confidence were recorded, error bars show the range of values recorded.  The 
short time duration of this metric (typically 0.5-1 ms range) captured only prompt reaction 
effects, so comparison between this metric and QSP could allow for characterization of the speed 
of the reaction. 
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Figure 5.19: Integrated 1st positive phase pressure, by material tested 
While some of the observations from the QSP results apply to these results as well, there 
are also some notable differences.  The uncertainty is on the same order as the differences in 
performance in this metric, which is larger than the uncertainty in QSP values.  The inert 
material WO3 had the lowest impulse at 3.08 psi-ms; Al, Al80-W20, and B71.43-W28.57 followed.  
Al40-(CuO)40-W20 performed better in this metric than in QSP.  This is attributed to the presence 
of oxidizer in the pellet material, supplementing atmospheric oxygen in the early-time.  The Zr60-
W40, Zr40-W60, Zr80-nW20, and Hf60-W40 were the top performers in this metric, with values in 
the range of 3.6 to 3.7 psi-ms.  The highest performing material in QSP, Zr30-Zn50-W20, 
performed at the low end of the Zr-based materials tested, at 3.38 psi-ms.  This result indicates 
that the speed of the reactions occurring with the Zr30-Zn50-W20 material were slower than those 
of the binary systems, possibly due to decreased zirconium content. 
Because of the improved accuracy in the late-time measurement of the piezoresistive 
transducers, information beyond the first positive phase can be examined with confidence. 
Impulse was continuously integrated, starting at the first pressure wave.  Full results are available 
in Appendix Figures E.16-E.30, but because there is little diagnostic value in the shape of the 
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impulse traces, the impulse measured in the first 18.9 ms after detonation is a convenient single 
point metric for interpretation.  These impulse values are shown in Figure 5.20.  
 
Figure 5.20: Total integrated impulse from 0-18.9 ms as recorded by piezoresistive gauges. 
While the reliability of the piezoresistive transducers was significantly better than 
piezoelectric transducers (see Appendix Figures E.1-E.8 for PE transducer traces), some data 
was discarded due to obvious electrical noise effects.  A wiring problem in Test 1 (Al80-W20) 
caused no signal to be recorded from Gauge 2.  A brief period of interference from 10-12 ms in 
Test 3 (Al40-(CuO)40-W20) rendered Gauge 1 data unusable.  In Test 5 (WO3), Gauge 1 recorded 
negative pressure values well beyond reasonable values (below 0 psia), and so data had to be 
again discarded.  Test 10 (Zr30-B50-W20) recorded a negative spike in pressure on Gauge 1 
around 8 ms, resulting in an unrealistic offset in the impulse.  In Tests 11-15, Gauge 1 traces had 
increased noise, with a periodic electrical interference visible on the PC oscilloscope display.  
Efforts were made to resolve the issue, but the problem persisted for the remaining tests.  In total, 
Gauge 2 performed correctly in 14 of the 15 tests, while Gauge 1 performed correctly in 7 of 15 
tests.  At least one gauge reported correctly for each test. 
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These malfunctions caused a portion of tests to have only one value recorded.  The 
repeatability between tests is 5.5% for the two repeated tests.  The discrepancy between gauge 
values on the same test is troubling and erratic.  For two tests (Zr30-Zn50-W20 and Zr80-nW20) the 
gauges reported value within 1% of each other; additionally the full impulse-time history 
(Appendix Figures E.16-E.30) for these tests indicates that the gauge values were well matched 
over the entire test duration.  However, for other tests (Zr80-W20, Zr, B71.43-W28.57, Al) the Gauge 
1 value was 11-16 psi-ms (10-28%) lower than the Gauge 2 value.  Since the two tests with well 
matched values occurred back-to-back on the same day, and the tests with an offset in values 
occurred entirely before these tests, it is reasonable to infer that variation in some facet of setup, 
orientation, or location is responsible for this change.   
 
Figure 5.21: QSP and total impulse 
QSP is plotted against total impulse in Figure 5.21.  Despite the uncertainty in total 
impulse discussed above, the correlation between these pressure metrics is very strong, and so 
total impulse data corroborates most QSP findings.  Zr30-Zn50-W20 and Zr60-W40 are top 
performers in this metric, with values of 140-150 psi-ms.  Hf60-W40 and Zr80-nW20 values were 
about 5% lower than these top performers.  All of the Zr-based materials and Al40-(CuO)40-W20 
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had impulse values of greater than 120 psi-ms.  The other Al-based materials, B71.43-W28.57 and 
WO3 produced impulse values from 45 to 115 psi-ms. 
Overall, the pressure metrics results lead to several conclusions.  Substantial increases in 
QSP and total impulse values over the inert control were observed for all reactive materials 
tested, with zirconium and hafnium containing materials performing significantly better than 
others types.  Within zirconium-based materials, there was not a strong correlation between 
zirconium content and QSP.  Pressure values for the hafnium material were not higher than its 
zirconium counterpart. 
 Because quasistatic pressure measurements had low uncertainty, the results were used in 
an energy analysis.  Quasistatic pressure is approximately a measure at the moment reactions 
have occurred to their fullest extent, but before the products have had a chance to cool.  The 
small mass of the reactants (< 65 g) relative to the air in the vessel (~2.2 kg) justified an 
assumption of constant mass and gas constant.  Overpressure was related to heat by Equations 
5.3 and 5.4, assuming no work.  Testing conditions were approximated as 20° C and 1 atm. 
  
  
 
  
  
 (5.3) 
                (5.4) 
 The WO3 material did not react, therefore the heat of reaction due was entirely due to the 
nitromethane and detonator.  QRM, the heat due to reaction of the RM, was calculated as the 
difference between QRXN for the material and QRXN for WO3.  QRXN and QRM values are shown in 
Table 5.1. 
 The theoretical heat of full reaction (QTh) was calculated from NIST thermochemical data 
[41].  Two versions of the calculation were performed for materials with tungsten: one without 
any tungsten reaction, and one with complete tungsten reaction.  The efficiency (η) was 
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calculated as the ratio of the heat calculated from the QSP over the theoretical heat of full 
reaction.  These calculations are also reported in Table 5.1. 
Table 5.1: RM Energy Analysis, comparing heats calculated from QSP with theoretical yields 
with and without tungsten reaction. 
  QSP Analysis No W Reaction Full W Reaction 
Material QRXN (kJ) QRM (kJ) QTh (kJ) η (%) QTh (kJ) η (%) 
WO3 83.6 0 0 - 0 - 
Al 230.2 146.6 354.2 41% 354.2 41% 
Al80-W20 222.4 138.8 104.3 133% 202.3 69% 
Al40-(CuO)40-W20 270.8 187.1 154.5 121% 219.5 85% 
B71.43-W28.57 164.8 81.1 270.5 30% 414.0 20% 
Zr 284.4 200.8 232.7 86% 232.7 86% 
Zr80-W20 282.4 198.8 214.3 93% 255.6 78% 
Zr60-W40 302.6 218.9 176.9 124% 267.6 82% 
Zr40-W60 290.1 206.5 119.6 173% 257.6 80% 
Zr80-nW20 285.2 201.6 199.0 101% 237.2 85% 
Zr30-Zn50-W20 308.9 225.3 188.0 120% 250.9 90% 
Zr30-B50-W20 282.8 199.2 253.3 79% 319.4 62% 
Hf60-W40 292.0 208.4 175.1 119% 263.5 79% 
 
 Examining the Zr and Al efficiencies of 86% and 41%, respectively, we observe that the 
measured QRM was a reasonable fraction of the theoretical value, with the difference due to 
losses and assumptions in the calculation.  However, for seven of the ten materials with tungsten 
(Al80-W20, Al40-(CuO)40-W20, Zr60-W40, Zr40-W60, Zr80-nW20, Zr30-Zn50-W20, and Hf60-W40) the 
measured heat was larger than theoretically possible without tungsten reaction.  In the case of 
Zr40-W60, the efficiency was 175%, so this effect is much larger than the uncertainty in the 
measurement and calculations. 
 The oxidation of tungsten would explain this discrepancy for all the tests in which it was 
observed.  The efficiencies were all under 100% when the heat of tungsten oxidation was 
included in the theoretical heat.  While the analysis performed here was simplistic, some 
assumptions, such as no work done by the detonation, would only increase the discrepancy.  
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Thus, the QSP data strongly indicates that tungsten must be contributing chemical energy during 
the detonation. 
 
5.2.2 Imaging 
 High speed images from the second test series are shown in Appendix Figures E.46-E.74 
even.  A shockwave preceding the fireball was identified in only two instances: in the second 
frame of Test 4 (Al) and Test 7 (Zr).  The shockwave observed was faint, and was not visible in 
subsequent images of these tests. Shockwave velocities of 2.26 mm/μs for Test 4 and 2.35 
mm/μs for Test 7 were calculated between frames 1 and 2.  Extrapolating from this value, the 
shockwave would arrive at the piezoresistive pressure gauges approximately 200 μs after 
detonation, well before the 300-400 ms delay observed for pressure peaks in these gauges.  
Extrapolating from the velocity of the leading edge of the fireball results in an arrival of 
approximately 400 μs, which is consistent with delay observed in the pressure transducers. 
 Because shockwaves were observed infrequently and were determined not to be the wave 
causing a pressure rise, the leading edge of the fireball was instead identified and tracked.  While 
observation of the fireball is not consistent with the shadowgraph technique, most materials 
tested reacted with large luminosity relative to the light source, resulting in simple identification 
and tracking of the fireball edge.  By tracking and processing in the same manner as the first test 
series, described in section 5.1.2, average fireball edge positions and inter-frame velocities were 
determined, and are shown in Figures 5.22 and 5.23, respectively.  These data are also available, 
separated by test, in Appendix Figures E.47-E.75 odd. 
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Figure 5.22: Fireball edge position, Series 2 tests 
 As with the Series 1 tests, there was some uncertainty about the time of initiation relative 
to the recorded frames.  This was resolved by a different method: each test’s timescale was 
shifted so that the interpolated path of each reaction front passed through the same point at the 
same time.  The point chosen was 104.2 mm at 19 μs.  [This point was determined by distance of 
the tracked edge in the second frame and half the frame interval of Test 9.]  Edge positions data 
were similar for all materials tested, such that little can be said about this data.  It is of interest to 
note that both boron containing tests have position curves below average. 
Though uncertainty in position was small, that uncertainty was magnified greatly in the 
calculation of velocity due to the small interval between frames.  Inter-frame velocity data had 
too large of an uncertainty to make any useful comparisons between tests.  In order to examine 
velocity with reduced uncertainty, an average velocity of each test was calculated between 104.2 
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mm and 325 mm, and these velocities are plotted against density and quasistatic pressure in 
Figures 5.24 and 5.25, respectively.   
 
Figure 5.23: Interframe edge velocity, Series 2 tests 
 
 
Figure 5.24: Average test velocity and theoretical mean density  
74 
 
This metric is improved from inter-frame velocities because differences between tests are 
larger than the uncertainty.  There is a possible negative slope correlation between density of the 
material and the average velocity, with Al Test 4, Al80-W20, Zr80-nW20 and Hf60-W40 as outliers.  
A negative slope correlation between density and velocity is consistent with the Series 1 tests 
results, where bare test velocity – with pellet density effectively zero – were much larger than all 
others tested.  Additionally, from an energy standpoint, more energy is required to accelerate the 
dense powders to the same velocity relative to the light powders.  The severe difference in 
velocities of the aluminum tests indicates that repeatability is not shown with this metric, so 
additional testing would be necessary to prove this correlation. 
 
Figure 5.25: Average test velocity and QSP 
   Correlations between QSP and velocity were not observed.  Materials with high 
pressure values had average velocities both significantly above and below the inert control, WO3.  
Since the shockwave velocity was not sensitive to the reactivity of the material as observed by 
the QSP, velocity should not be used as a measurement of performance. 
As mentioned earlier, actual shockwaves were not visible in the majority of Series 2 test 
images.  The quality of this diagnostic in terms of ability to resolve shockwaves is dependent on 
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the intensity of the pinpoint light source.  Increasing light emission from this source would allow 
for decreasing the lens aperture, which would block more light emitted by the reaction and 
possibly allow for imaging of the shockwave in these large scale tests.  A high intensity flash-
lamp was tested, but the element in this light source was a large coil that lit the screen unevenly 
even through the pinhole, and so was not used.  Even with limited quantitative use, the 
shadowgraph diagnostic provided excellent images for qualitative examination of reaction 
strength and shape, and is useful as a check that the detonation proceeded as expected and was 
not, for example, severely aspherical. 
 
Figure 5.26: Reaction duration, determined by luminosity visible in the shadowgraph images. 
 A final metric from the shadowgraph images that was not originally sought was found to 
be of interest.  The ~3 second recording period of the phantom camera allowed for the end of the 
reaction to be observed.  The manner and time of conclusion of the reaction differed greatly 
between tests.  The duration of reaction, as observed by the shadowgraph images, is shown in 
Figure 5.26.  Reactions without zirconium or hafnium were in the form of a luminous cloud, and 
were not observed to continue past 4 ms.  Some amount of particulate combustion, as shown in 
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Figure 5.27, was observed in all reactions with zirconium or hafnium, and the total reaction time 
was much longer, at up to 750 ms.  It is interesting that, even though the Zr/Hf based materials 
were top performers, only part of the potential energy of the materials was released promptly.   
 
Figure 5.27: Images at 100 ms from five tests where late time particulate combustion was 
observed.  Image contrast was increased uniformly for display purposes. 
 
 
5.2.3 Pyrometry 
 Time resolved light intensity of the reaction at 730 nm and 940 nm wavelengths was 
recorded for all tests in Series 2.  All traces are shown in Figure 5.28, and plotted individually in 
Appendix Figures E.76-E.90.  Peak intensities, the time at which they occur, and integrated 
intensity over the recording duration are noted in Table 5.2. 
 Zirconium and hafnium-based tests had the largest intensities; aluminum-based tests had 
lower values, and lower still were intensities from the B71.43-W28.57 and WO3 tests.  However, the 
intensity magnitudes of the zirconium-based materials varied by up to a factor of three.  Zr60-W40 
had the highest intensity at both wavelengths, while Zr and Zr80-W20 had the two lowest 
intensities. The observation that a decrease in Zr content could increase light emission was 
unexpected and counterintuitive.  The author is concerned about the variability in the diagnostic 
setup allowing for variation in collection efficiency between tests, since calibration occurred 
only for temperature.   
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Figure 5.28: Series 2 tests intensity traces at 730 and 940 nm.  Hf60-W40, Zr80-nW20 and Zr80-W20 
traces at 730 nm are saturated at 10 V for up to 2 ms, obscuring the true peak intensity for 
these tests. 
 
 The sum of the total integrated intensities for the 730 and 940 nm channels is plotted as a 
function of QSP in Figure 5.29.  The data show that while intense light emission corresponds to 
high QSP values, low light emission may correspond to a wide range of QSP values.  
Furthermore, it is likely that the correlation between high light emission and high pressure is due 
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to the focused nature of this study, where the only large light emission compounds were 
zirconium and hafnium-based.  Testing of other bright burning metals may disprove this. 
Table 5.2: Peak intensity, time of peak intensity and total integrated intensity for Series 2 
pyrometry data 
  
Test Material 
730 nm 940 nm 
Peak Int. 
(V) 
Peak Time 
(ms) 
Total Integrated 
Intensity (V-ms) 
Peak Int. 
(V) 
Peak Time 
(ms) 
Total Integrated 
Intensity (V-ms) 
1 Al80-W20 4.48 2.341 28.0 4.61 2.285 25.9 
2 Zr80-W20 Saturated > 60.3 4.74 0.551 33.2 
3 Al40-(CuO)40-W20 4.68 1.071 17.9 4.86 1.089 16.7 
4 Al 1.98 0.180 7.40 1.18 0.193 6.48 
5 WO3 0.212 0.178 -0.015 0.168 0.194 0.115 
6 B71.43-W28.57 0.264 0.180 1.28 0.272 6.838 1.49 
7 Zr 10.0 0.413 61.8 4.90 0.406 34.2 
8 Zr80-nW20 Saturated > 91.5 7.93 0.594 41.9 
9 Zr30-Zn50-W20 13.7 0.518 25.9 5.83 0.285 9.69 
10 Zr30-B50-W20 14.1 0.527 51.4 5.35 0.533 20.9 
11 Zr60-W40 29.0 0.641 102.1 11.0 0.970 40.3 
12 Zr40-W60 19.6 0.712 50.5 5.43 0.709 15.0 
13 Zr30-Zn50-W20 20.9 0.556 25.4 8.09 0.629 7.54 
14 Al 1.88 1.206 10.1 0.678 0.158 3.54 
15 Hf60-W40 Saturated > 83.4 4.86 0.793 24.6 
 
 
 
Figure 5.29: Total integrated intensity and QSP.  For tests where data was saturated total 
integrated intensities are lower than actual. 
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The shape of the Series 2 traces were smoother than the Series 1 traces using the fiber 
coupled pyrometer.  There were several contributors to this change of characteristic.  First, the 
larger mass of nitromethane compared to the RP-1 resulted in a longer HE burn time.  Also, the 
reduced mean distance between the RM and the HE decreased the delay between combustion of 
the two materials.  Finally, the approximately spherical nature of the Series 2 charges reduced 
the likelihood of the reaction moving in and out of the collection cone of the instrument.  These 
effects combined to produce smoother and longer duration intensity curves with few distinct 
secondary events. 
Rise time to peak intensity is observed to be a function of material.  Zirconium-based 
materials rose to peak intensity at approximately 0.5 ms, while aluminum-based materials peaked 
from 1-3 ms.  The B71.43-W28.57 test had a second event with a peak much later still at 
approximately 7 ms.  As with the Series 1 materials, this shape difference indicates the delay 
between the RM and HE reactions.  The B71.43-W28.57 data is of particular interest, with the 
longest delay between detonation and RM initiation of any material tested. 
Conclusions on repeatability are drawn from the Al and Zr30-Zn50-W20 repeated tests.  
The Zr30-Zn50-W20 tests are similar in rise time and duration of emission, but the lower intensity 
twin peaks of Test 9 are significantly different than the single larger peak of Test 13.  The 
aluminum test traces are more similar to each other, with a small initial peak and a later emission 
of similar magnitude duration and location shared between these tests.  The total luminosity of 
the materials differs by 8% for Zr30-Zn50-W20 and 2% for Al. 
 Time resolved temperature was calculated for each test using the ratio of intensities and 
making a black body assumption, as described in Section 5.1.3.  The results are shown in Figures 
5.30 and 5.31, and single test traces are shown in Appendix Figures E.91-E.105. 
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Figure 5.30: Time resolved black body temperature from pyrometry, Tests 1-11 and 15. 
 Temperature traces from Tests 12-14 are not shown in Figure 5.30, but are available in 
Appendix Figures E.102-104.  The intensity ratios from these tests were lower than usual, with 
values as small as 0.2, resulting in temperatures at least one order of magnitude larder than 
observed in other tests.  As discussed in Section 5.1.3, at small intensity ratios, uncertainty 
increases due to noise and sensitivity increases due to the shape of the solution set.  Tests 12-15 
were performed continuously on the same date.  The instrument was realigned between Test 14 
and 15, and the result was temperature values similar to Tests 1-11.  Therefore, it is likely that an 
alignment issue is responsible for the very large temperature values of Tests 12-14.  It is possible 
that as the fireball expanded, some light reached the pyrometer through the portion of the 
window used for spectroscopy, without passing through the diffuser.  The early time temperature 
values from Tests 12-14 are similar to those from the other tests in the series, corroborating this 
theory.  Based on the likely cause, the temperature values for Tests 12-14 are excluded from the 
subsequent discussion. 
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 Since Tests 13 and 14 were the only repeated tests in the series, it is not possible to 
quantify the repeatability of this diagnostic.  We can say that improper alignment of this 
diagnostic caused multiple order of magnitude differences in temperature values, but the test-to-
test repeatability with the diagnostic properly aligned is unknown. 
 Temperature values from the aluminum-based and B71.43-W28.57 materials were lower than 
the average temperatures of zirconium and hafnium based tests.  At 3034 K, the average 
temperature of the pure Zr test was significantly lower than the other Zr-based tests, with average 
temperatures above 4000 K.  This result was not expected; instead a positive correlation between 
temperature and zirconium content in the Zr-W materials was anticipated.  Differences in powder 
processing – the Zr was not mechanically alloyed – may caused this discrepancy, but the lower 
temperature should be verified by a repeated test before determination of the cause is attempted.  
Excluding pure zirconium and Zr30-Zn50-W20, the Zr-based tests agreed well with Doyle’s 1958 
study, which combusted 200 mesh zirconium powder with oxygen in a continuous flow 
experiment, and estimated the combustion temperature as 4930 K [33].  In another study in 1973 
by Kettel, zirconium droplets of 200-400 µm were seen to oxidize at temperatures of ~3700 K in 
pure oxygen at the partial pressure of O2 in air [46].  Temperatures from this series do not 
compare as favorably to this value, but the conditions of Kettel’s test differed more from this 
experiment than Doyle’s methods.  The average values of the Zr80-W20, Zr80-nW20, Zr30-B50-W20, 
and Zr60-W40 temperature traces were similar to within the confidence in the data.  The Zr30-
Zn50-W20 temperature trace was significantly larger, increasing up to 8000 K before intensity 
diminished significantly. 
 The average temperatures of the Aluminum and Al40-(CuO)40-W20 tests were 2000 K.  
The average temperature of the Al80-W20 was larger, at 2700 K.  These temperatures are slightly 
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below or similar to literature values of 2300-2900 K for oxidation of particle sizes in the tens of 
microns [48, 49].  The B71.43-W28.57 test temperatures were around 2500 K for the majority of the 
trace, but increased to 4000 K as luminosity decreased.  The hafnium test temperatures varied 
significantly over the recorded time; temperatures were initially in the 5000-6000 K range, but 
decreased to 4000 K at around 7 ms, and increased gradually back 5000 K starting at around 15 
ms until the luminosity decreased.  A 2007 study by Cashdollar reports boron dust cloud 
combustion at a 1700 K and hafnium combustion at 2400 K [49].  Observed temperatures were 
greater for both materials, but our tests and Cashdollar’s study agree that the combustion 
temperature of hafnium is greater than that of boron.  Temperature of the inert tungsten oxide 
was only determined in the first ms due to the very short intensity peak.  The temperature 
decreased from initial values of around 6000 K to a minimum of 3000 K during the peak 
luminosity, then increased to 4000 K as luminosity decreased.  The average WO3 temperature 
was 3556 K. 
 Data from the W-Zr binary system were investigated to determine if a correlation 
between zirconium content and temperature existed.  Increased zirconium content was expected 
to correspond to an increased temperature, since zirconium was known to burn bright and hot.  
However, the three average temperature data points acquired (60, 80 and 100%-at. Zr) show the 
opposite trend, as plotted in Figure 5.31.  Average temperature decreases slightly from 5350 K 
for 60%-at. Zr to 5029 K for 80%-at. Zr, and decreases further to 3034 K for pure Zr.  
Verification of existing data and continuation of the series for lower zirconium content is 
necessary to further explore this finding. 
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Figure 5.31: Average pyrometric black body temperatures for Zrx-W1-x materials 
 Average temperature is plotted against QSP in Figure 5.32.  High average temperature 
correlates well to large QSP, as seen with the Zr80-W20, Zr80-nW20, Zr30-Zn50-W20, Zr30-B50-W20, 
Zr60-W40 and Hf60-W40 data points.  However, the inverse is not true, as seen by the similar 
average temperatures of the Zr, B71.43-W28.57, and WO3 data points. 
 
Figure 5.32: Average pyrometric temperature vs quasistatic pressure for tests 1-11 and 15. 
As mentioned earlier, repeat tests for Zr30-Zn50-W20 and Al materials resulted in order of 
magnitude higher temperatures than the original tests.  While this was attributed to a 
misalignment, the possibility that an unnoticed small misalignment skewed other results, such as 
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the surprisingly low pure Zr temperature trace, is impossible to rule out.  Thus, the confidence in 
the data collected is low, and conclusions about the performance of the materials are not made 
based on this diagnostic.  Throughout its use, the pyrometer was difficult to calibrate in a 
repeatable fashion, despite the simple principles of operation.  Alternate calibration methods, 
such as the use of a flash-lamp for calibration, could increase the measured signal, and may be 
useful for calibration of intensity values as well as temperature. 
 
5.2.4 Spectroscopy 
 Spectroscopic data was collected for each test in the second series.  An example spectrum 
with intensity correction applied is shown in Figure 5.33.  These intensity corrected spectra were 
used to determine black body temperature of the fireball at the time each spectrum was taken.  
Additionally, tests of aluminum-based materials exhibited molecular features above the black 
body curve corresponding to AlO, an aluminum oxidation intermediary.  For the tests where 
these features were present, the intensity of these features was integrated for each spectrum.  A 
strong emission from the sodium “D-line” at 589 nm was present in all tests, due to sodium 
contamination in the HE [47]. 
 
Figure 5.33: Example spectrum, intensity corrected. 
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 Molecular features above the black body curve corresponding to AlO were identified in 
the spectroscopy data from the four tests of aluminum-based materials.  After intensity correction 
and subtraction of the black body curve, the integrated area of these features was determined for 
each spectrum, and the integrated area traces are shown in Figure 5.34. 
 
Figure 5.34: Time resolved integrated AlO intensity.  All other tests excluded from this analysis 
because of lack of molecular features. 
 
 Repeatability of this metric is doubtful because of the significant difference in data from 
the Al tests.  The presence of a larger AlO signal and a delayed second peak around 0.9 ms for 
Test 4 data suggests better performance for that first test than the repeat.  This hypothesis is 
consistent with observations in the black body temperature and from XRD analysis of the residue 
composition, to be discussed below, but contrary to the observation of the speed of the 
shockwave, the pressure metrics, and the photometry data, which show little difference between 
the tests or increased performance in the repeat test. 
 Al80-W20 exhibited a delayed reaction from 0.65 ms to 1.25 ms of much larger intensity 
than the material’s initial reaction.  The cause for the delay in the aluminum oxidation reaction 
was likely due to the large particle size of the Al80-W20 powder relative to the other powders 
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tested.  As discussed in Chapter 4, this particle size increase occurred during the ball milling 
process, where the ductility of aluminum allowed for more cold welding than fracturing, 
increasing the agglomerated particle size.  Despite this disadvantage in surface area compared to 
other particles, the spectroscopy data indicate a strong oxidation reaction.  With the adoption of 
certain control processes, such as cryomilling, it may be possible to prevent agglomeration of 
aluminum during mechanical alloying [50].  Al80-W20 would likely perform better in the other 
metrics with a smaller particle size, and the option should be investigated in the future. 
 For tests with no molecular features, a black body curve was fit to the 500-585 nm 
section of each intensity calibrated spectrum.  For tests with molecular features present, a black 
body curve was fit around these features, using data from the 500-507.5 nm, 503-535 nm, 558-
562 nm, and 576-585 nm ranges.  It was observed that as signal levels decreased, the calculated 
temperature increased, settling at 10,000-20,000 K for no signal.  This high temperature at no 
luminosity was obviously unrealistic, so to ensure that reported temperatures did not include this 
artifact, only temperatures calculated from a black body curve with a peak larger than 50 counts 
intensity were included.  The spectroscopic black body temperature traces are shown in Figure 
5.35, and individually by test in Appendix Figures E.106-E.120. 
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Figure 5.35: Black body temperatures calculated from spectroscopic data. 
 For all tests, temperatures recorded in the first 100 µs of illumination were very high, 
which corroborates the pyrometry results that also showed high initial temperatures.  
Temperature traces with little variation were seen to correspond to tests with continuously high 
luminosity recorded in the spectra.  The majority of the zirconium-based tests fell into this 
category, and the temperatures for these tests were stable at 3500-4000 K, which agrees 
somewhat with the literature [33, 46].  The Al80-W20 temperature was the lowest of the reactive 
materials tested, with an initial temperature profile similar to the inert WO3.  This low 
temperature is thought to be due to the large particle size of the material. 
 The two Zr30-Zn50-W20 traces and the Hf60-W40 trace had a sharp drop in temperature 
between 0.6 and 0.8 ms.  These temperature drops have an appropriate delay such that they could 
be caused by the fireball arrival at the top window.  In particular, Zr30-Zn50-W20 was observed to 
leave an opaque residue on the sacrificial polycarbonate, and this residue may have altered the 
observed spectrum for the later time. 
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Figure 5.36: Average spectroscopic temperature from 0.1 ms to 1.4 ms vs average pyrometric 
temperature over the same range.  Dashed line represent Tp = Ts. 
 
 Temperatures calculated from spectroscopy and pyrometry are compared in Figure 5.36, 
and correlations between the data are very weak.  The pyrometry data varied on a range of 2000-
6500 K, while the spectroscopy data varied over a smaller range of 2900-4000 K.  All of the Al-
based materials’ data points were higher in spectroscopic temperature than in pyrometric 
temperature, and the reverse was true of all Zr-based materials except pure Zr itself.  The worst 
outliers from the 1:1 correspondence line were Al on the low side and Zr60-W40 on the high side 
 
5.2.5 X-Ray Diffraction (XRD) 
 Residue powder collected from the floor of the chamber after each test was analyzed 
using XRD.  Identified species and their quantities are presented in Table 5.4.  An example 
intensity-angle trace is shown in Figure 5.37, and traces for all test residues and RM’s are shown 
in Appendix Figures E.121-E.145.  Species were identified using reference data from the 
International Center for Diffraction Data [51], and the specific powder diffraction files (PDF’s) 
used are listed in Appendix Table E.1.  
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Figure 5.37: XRD intensity trace of Test 11 residue, and identified species intensity peaks 
 For this series of tests, the primary purpose of this diagnostic was to determine the 
presence of tungsten oxide.  Tungsten oxide’s strongest diffraction lines are a triplet with almost 
equal intensities at angles 2θ = 23.158°, 23.645° and 24.342° [51].  The next strongest lines have 
intensities of less than 30% of these, so the best method for identifying small quantities of WO3 
is to look for these three lines.  Unfortunately, two minor diffraction lines of zirconium oxide at 
angles 2θ = 24.048° and 24.441° and two minor diffraction lines of hafnium oxide at angles 2θ = 
24.190° and 24.617° are near the WO3 lines [51], complicating the attribution of identified peaks 
to the correct material for residues in which WO3 and ZrO2 or HfO2 presence is plausible.  For 
selected tests (2, 8, 9, 11, 12, 13 and 15), an additional high resolution scan of the residue 
powder over the range 2θ = 22° to 25.5° was performed, and the traces are shown in Figure 5.38. 
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Figure 5.38: High resolution scans for identification of WO3. 
Tungsten oxide was identified by the full range scan in the residue of two tests: Test 5 
(WO3) and Test 6 (B71.43-W28.57).  98.2%-wt. WO3 and 1.8%-wt. Al were identified in the residue 
of the WO3 inert test; Al content is due to contamination from the previous test.  5.8% WO3 was 
identified in the residue from the subsequent test of B71.43-W28.57, but due to the poor 
performance of this material in most other metrics it is likely that this WO3 presence is due to 
contamination from the previous test. 
For the materials with ZrO2 or HfO2 present, the high resolution scan was used to 
determine the presence of WO3.  The WO3 peak at 24.342° was obscured between the ZrO2 or 
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HfO2 peaks, so determinations were made from the first two peaks of the triplet.  There was no 
intensity rise at the first two peaks for the residues of Zr80-nW20 and Hf60-W40 materials, which 
indicates there is no tungsten oxide present in the residue.  The residues of Zr80-W20, Zr60-W40, 
Zr40-W60 and Zr30-Zn50-W20 did have some intensity rise around at least one of the first two 
peaks, which may indicate WO3 presence.  However, tungsten oxide was not identified in large 
quantities expected based on the energy analysis in Section 5.2.1. 
Elemental zirconium was scarce, or not even present, in the residues of Zr-based material 
tests.  It had predominantly been converted to ZrO2.  In contrast, elemental aluminum was 
present in residues of Al, Al80-W20 and Al40-(CuO)40-W20 material tests, and elemental hafnium 
was present in the residue of the Hf60-W40 material test.  This indicates that oxidation of 
zirconium occurred to completion, while aluminum and hafnium only partially oxidized, which 
explains the similar performance of Hf60-W40 to the Zr60-W40 test despite a larger theoretical 
energy.  This observation supports the pressure data findings of zirconium-based tests as strong 
performers regardless of exact composition. 
Quantitative analysis of the composition of the residues was performed using the sum of 
the area under the peaks attributed to each material and the Reference Intensity Ratio (RIR) as a 
correction factor.  Measured residue compositions are shown in Table 5.4, and measured 
compositions of the composite RM’s are compared to their actual compositions in Table 5.3.  
This style of quantitative analysis is simple to perform, but results are skewed by the uncertainty 
of the crystal structure of the material.  The RIR factor is heavily dependent on the crystal 
structure of the material, and the structure can be affected by mechanical alloying and 
detonation.  In the case of the zirconium and hafnium oxides, multiple crystal structures were 
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found, and neither was predominant in all tests.  The tetragonal ZrO2 has an RIR value of 10.3, 
while the monoclinic has an RIR value of only 2.6.   
Table 5.3: Species present in compound RMs, in %-wt., as calculated from known compositions 
and as measured by XRD analysis 
Material Species Al B 
B41.33 
C4.45 
CuO Hf W Zn Zr 
Al80-W20 
Actual 37         63     
Meas. 64         36     
Zr80-W20 
Actual           34   67 
Meas.           26   74 
Al40-(CuO)40-W20 
Actual 14     40   46     
Meas. 13     83   4     
B71.43-W28.57 
Actual   13       87     
Meas.     40     60     
Zr80-nW20 
Actual           34   67 
Meas.           63   37 
Zr30-Zn50-W20 
Actual           38 34 28 
Meas.           38 42 21 
Zr30-B50-W20 
Actual   8       53   39 
Meas.           29   72 
Zr60-W40 
Actual           57   43 
Meas.           75   26 
Zr40-W60 
Actual           75   25 
Meas.           79   21 
Hf60-W40 
Actual         59 41     
Meas.         84 16     
 
This uncertainty in the crystal structure is demonstrated in the measured composition of 
the RM powders by XRD.  Even for powders which were ultrasonically mixed, measured weight 
percentages deviated by large factors from the known compositions.  For instance, in most 
materials measured tungsten content was less than actual present, but for Zr80-nW20 and Zr60-W40 
measured tungsten content was 87% and 30% higher than actual present, respectively.  Because 
of these uncertainties, care should be taken before making conclusions based solely on XRD 
results, and only order of magnitude differences should be interpreted as meaningful in the 
measured composition of the residues. 
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Table 5.4: Species identified in powder residue composition, in %-wt.  Cell shading 
indicates suspected contamination between tests. 
Species Test 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Al 76     86 1.8 1.2               92 21 
Al2O3       12                       
Cu     51                         
CuO     12                         
Cu2O     3.8                         
Hf                             15 
mon-HfO2                             45 
orth-HfO2                             1.7 
W 24 8.8 9.0 1.5   93   5.7 23 7.8 6.6 15 39 2.3 17 
WO3         98 5.8                   
Zn                 34       3.1     
ZnO                 14       23 1.5   
Zr   2.2         0.2                 
mon-ZrO2   88 9.6       24 88 16 74 21 81 31 3.4   
tet-ZrO2   1.4         76 6.8 13 19 72 4.4 4.6 1.2   
 
Since zirconium oxidized to within 2.2% of completion in every test and tungsten was 
not observed to oxidize, a quantitative analysis of Zr-W binary material residues is unnecessary 
and misleading; it is sufficient to work from the identified species and assume complete 
reactions.  The quantitative results are useful for residues in which more than two species were 
identified.  This analysis allows quantification of the degree of oxidation of Hf in the Hf60-W40 
residue at 76%, and Al in the Al (Test 4) residue at 12.6%.  Similarly, degree of CuO reduction 
in the Al40-(CuO)40-W20 residue is measured as 76%.  Degree of zinc oxidation in the Zr30-Zn50-
W20 residues varied significantly, with 29% oxidation measured in Test 9 and 88% measured in 
Test 13.  This observation, along with the observation of Al2O3 in aluminum Test 4 but not in 
Test 14, raises concerns about the repeatability of the testing method with respect to the total 
reaction occurring. 
Alumina (Al2O3) was identified only in the residue of Test 4 (Al), which would indicate 
that aluminum did not oxidize during Tests 1, 3 and 14.  However, increased performance of 
94 
 
aluminum-based materials relative to the inert in other metrics, AlO signal in spectroscopy data 
and reduction of 76% of the CuO in the Al40-(CuO)40-W20 material’s residue all indicate that 
aluminum is oxidizing during the detonation.  Another discrepancy is the lack of boron and 
boron oxide in the residue of either material containing boron.  Though the zirconium may have 
been the main contributor in the Zr30-B50-W20 material test, some performance increase over inert 
was observed in the B71.43-W28.57 test, and nominally inert tungsten is much less likely to be the 
cause of that increase than boron, which is known to be highly flammable. 
There are two potential causes for the lack of observation of these materials.  First, the 
compounds may be present but not identifiable.  Al2O3 has a RIR of 1.0, which is many times 
lower than other materials in this study (RIR values are up to 18.0 for tungsten).  Materials 
refract proportional to their RIR values when present in equal weight, so small amounts of Al2O3 
refracting at a lower proportion than other materials could have resulted in Al2O3 peaks that were 
indistinguishable from background noise.  Additionally, the compounds could be absent from the 
residue.  This is possible because boron and aluminum are the lightest elements used in these 
tests.  For the safety of the researcher, the tank is well ventilated with pressurized air before 
access to collect residue is allowed.  The lightest particles will remain suspended in the test 
environment the longest, and are most likely to be lost when the tank is ventilated.  A 
representative calculation quantifies the effect of density.  Stokes law (Equation 5.3) was used to 
calculate the effect of density variation on terminal settling velocity of particles of constant 
diameter in an undisturbed flow.   A particle of tungsten settles almost 5 times faster than a 
particle of alumina, and 7.5 times faster than a particle of B2O3.  Though the forced ventilation 
conditions of the tank differ from those of the calculation, the lightweight oxides of aluminum 
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and boron are many times slower to settle, and thus could be carried out in the exhaust air or 
remain suspended in the tank atmosphere through residue collection. 
   
                           
 
     
 (5.5) 
The author feels that a particle weight bias is present in the XRD results due to the 
ventilation procedure.  Introduction of a settling period and/or reduction of ventilation flow rate 
would reduce this bias, but neither were implemented due to the test time increase that would 
result.  Alternatively, a change in collection method to one that actively contained particles on 
contact – such as an adhesive surface – could also reduce the bias, but presents new challenges in 
the post processing.  Finally, ventilation could be postponed until after residue collection with 
appropriate personal protective equipment and facility improvements. 
In all, XRD analysis was useful in the identification of species present in the post-test 
residues, but the quantitative analysis of the species was inconclusive and often obviously 
incorrect.  XRD analysis showed that W was not oxidizing, Zr was oxidizing completely, and 
Zn, Al, and Hf were partially oxidizing.  Contamination between tests was an issue, but only 
when WO3 was found in the B71.43-W28.57 residue did the possibility of contamination prevent the 
identification of a material of interest.   
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
6.1: Conclusions 
 A small facility for conducting scaled detonations of solid reactive material pellets 
initiated by a high explosive in air was constructed.  This facility had optical access for high 
speed shadowgraph imaging, pyrometry and spectroscopy, and mounting locations for pressure 
measurements inside the vessel.  Pressure, pyrometry, and shadowgraph diagnostics were 
developed for use in this facility.  Tests conducted in this facility demonstrated that increased 
performance due to RM pellets was measurable and repeatable, and allowed for iterative 
improvement of diagnostic techniques. 
 A larger facility was constructed to complement and expand the capabilities of the small 
facility.  All of the diagnostics used for small facility and XRD analysis of the post-test powder 
residue were used for tests in the large facility.  A detonator assembly was created to 
approximate a spherical HE charge encased in a uniform layer of RM with 11 discs of pressed 
powder RM attached to a plastic casing.  Materials were chosen to investigate the effects of 
tungsten content in reactive materials on their performance.  Mixing occurred by ultrasonication 
or by mechanical alloying, depending on the stability of the compound. 
 Significant and consistent differences in performance were measured between the 
material categories tested in the pressure metrics of QSP and total recorded impulse.  All reactive 
materials tested performed better than the inert baseline (WO3), with the materials containing Zr 
and Hf performing best.  Within the group of Zr based materials, differences in performance 
were on the same order as the uncertainty in the measurement (8%). 
 QSP values were manipulated to represent energy content, and compared to theoretical 
heats of fully occurring reactions in the RMs.  For seven of ten tungsten containing materials, the 
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measured heat from the detonation was greater than theoretically possible without energy 
contribution from tungsten, indicating that tungsten must be reacting in some way during 
detonation.  However, the XRD analysis did not find any WO3 in the expected tests.   
Tungsten oxide may be present in the residues, despite the XRD analysis findings.  The 
quantitative abilities of the XRD process were found lacking when analysis of the known RM 
powders returned significantly different weight fractions than actually present.  Additionally, the 
main peaks of tungsten oxide were coincident with peaks from hafnium and zirconium oxides, 
making identification challenging due to WO3’s low reflectivity in crystal form.  Tungsten oxide 
may even have formed an amorphous structure, which would not reflect any identifiable peak 
structure by XRD analysis.  In all, there are several possible reasons to suspect the XRD data 
may not reflect the actual composition, and no reasonable explanation for measured energy of 
almost double the theoretical maximum.  The conclusion that tungsten oxidizes during certain 
detonation conditions is likely, but requires further work to satisfy with confidence, given the 
contradictory evidence from the XRD analysis.    
 The performance of hafnium in Hf60-W40 was not significantly improved over zirconium 
in Zr60-W40.  Incomplete oxidation (76%) of the hafnium was discovered during the residue 
analysis, and is the best explanation of this surprising result.  The substitution of nano (< 1 µm) 
tungsten was also not seen to cause a measurable effect on performance.  After the mechanical 
alloying process, there may have been little difference in the microstructure of the nW and µW 
compound.  Aluminum materials oxidized to an even smaller degree, which attributed to their 
mediocre performance in these tests.  On the other hand, the tungsten zinc zirconium material 
tested performed well, with large QSP and impulse values, despite its low 30%-at. zirconium 
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content.  High performance with low zirconium content makes this material an economical 
choice, but the effect of the zinc oxidation must be investigated further. 
 Reaction edge velocity was examined by comparing average velocity of the tests.  
Differences in the values were distinct, and decreasing velocity generally corresponded with 
increasing RM density, though there were several outlying data points.  These outliers were not 
attributable to high reactivity as measured by the pressure data, and in fact no correlation 
between shockwave data and pressure data was observed, leading to the conclusion that 
shockwave velocity is not a good indicator of RM performance.  Temperatures of the fireball 
were calculated using pyrometry and spectroscopy data.  Temperatures did not agree between 
diagnostics, but generally showed little variation in reaction temperature over the materials 
tested. 
 
6.2: Recommendations 
 There are several aspects of this research which could benefit from further study.  First 
and foremost, an Energy Dispersive X-ray Spectroscopy (EDS) analysis should be performed on 
the collected residues.  The elemental composition of the residue could be determined with this 
analysis. For the Zr-based tests, the oxygen to zirconium ratio of the residue could be determined 
with this metric.  A significant increase in relative oxygen content in any W-Zr residue over Zr 
residue would indicate excess oxygen; that oxygen must be attached to the tungsten.  This 
additional analysis could confirm the energy analysis results that show tungsten must be 
oxidizing during some tests.   
    Performance enhancement that was quantified in this work is only one parameter in the choice 
of a suitable reactive material.  It is recommended that complimentary facilities be developed to 
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test resistance to detonation by impact and heating and physical properties, so that all 
information necessary to determine the suitability of the materials is obtainable using testing 
facilities at UIUC. 
 The investigation of the W-Zr binary system should be continued at lower Zr fractions to 
determine at what point performance is decreased.  Also, the mechanical alloying process for 
combining materials could benefit from further study.  All materials tested in this thesis were 
milled under the same conditions, which were chosen based on similarity to literature values.  
These milling conditions are not optimized, so parameterized studies for reactive materials of 
interest could improve performance of the materials further. 
The trinary tungsten zinc zirconium system was only briefly investigated with a single 
mixture.  This material’s performance was strong, and so further study in different composition 
mixtures of this system is recommended to determine the optimal content of the three species.  
As a first step this author recommends understanding the performance at the binary limits of the 
system: Zr-W, Zn-W, and Zr-Zn. 
Two diagnostics should be improved by further study.  Repeatability of optical 
calibrations was challenging, especially with pyrometry, so the author recommends investigation 
of different, higher intensity calibration sources, or other methods to increase signal during 
calibration.  Shockwave resolution in shadowgraph imaging was difficult due to light emission 
from the reactive materials themselves.  A higher intensity light source would also solve this 
problem. 
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APPENDIX A: ENGINEERING DRAWINGS OF FACILITIES AND DIAGNOSTIC COMPONENTS  
 
 
Figure A.1: Small vessel, front flange 
 
 
Figure A.2: Small vessel, top flange 
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Figure A.3: Small vessel, right flange 
 
 
Figure A.4: Small vessel, bottom flange 
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Figure A.5: Small vessel, top window retaining ring 
 
 
Figure A.6: Small vessel, front window retaining ring 
 
103 
 
 
Figure A.7: Small vessel, front window 
 
 
Figure A.8: Small vessel, modified breadboard 
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Figure A.9: Small vessel, breadboard center plate 
 
 
Figure A.10: Small vessel, breadboard assembly 
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Figure A.11: Small vessel, retroreflective screen left plate 
 
 
Figure A.12: Small vessel, retroreflective screen right plate 
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Figure A.13: Small vessel, U-channel detonator assembly mount 
 
 
Figure A.14: Small vessel, detonator assembly block V1 (top load, confined) 
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Figure A.15: Small vessel, detonator assembly block V2 (bottom load, confined) 
 
 
Figure A.16: Small Vessel, detonator assembly sacrificial plate 
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Figure A.17: Small Vessel, detonator assembly half plane approximation plate 
 
 
Figure A.18: Pyrometer and spectrometer mounting plate 
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Figure A.19: Lolipop gauge transducer mount, V1 
 
 
Figure A.20: Lolipop gauge pole, V1 
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Figure A.21: Lolipop gauge, end on 
 
 
Figure A.22: Large facility vessel, sheet 1 
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Figure A.23: Large facility vessel, sheet 2 
 
 
Figure A.24: Large facility vessel front door 
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Figure A.25: Large facility vessel lifting eye 
 
 
Figure A.26: Large facility vessel floor mounting bracket 
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Figure A.27: Large facility vessel front door bracket 
 
 
Figure A.28: Large facility vessel top flange 
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Figure A.29: Large facility vessel top flange retaining ring 
 
 
Figure A.30: Large facility window reducer plate 
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Figure A.31: Dodecahedron pellet holder 
 
 
Figure A.32: Dodecahedron detonator holder 
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Figure A.33: Dodecahedron spacer 
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APPENDIX B: STANDARD OPERATING PROCEDURES  
 
 
Figure B.1: Small Facility Standard Operating Procedure, Page 1/4 
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Figure B.2: Small Facility Standard Operating Procedure, Page 2/4 
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Figure B.3: Small Facility Standard Operating Procedure, Page 3/4 
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Figure B.4: Small Facility Standard Operating Procedure, Page 4/4 
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Figure B.5: Large Facility Standard Operating Procedure, Page 1/2 
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Figure B.6: Large Facility Standard Operating Procedure, Page 2/2 
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APPENDIX C: MATERIAL PREPARATION AND PRESSING DATA 
 
Table C.1: Powder Materials used in RMs 
Name Brand Size Purity Stock Number 
Al Valiment H-2   
B Sigma Aldrich -325 mesh 90-95% 21, 472-8 
CuO Alfa Aesar -325 mesh 97% 12299 
Hf ESPI -325 mesh 99.85% 2N8 purity 
NiO Alfa Aesar  99% 12359 
Ti Alfa Aesar -325 mesh 99.5% 42624 
W Alfa Aesar -325 mesh 99.9% 39749 
nW Alfa Aesar <1 µm 99.95% 44210 
WO3 Alfa Aesar  99.8% 11828 
Zn Alfa Aesar -325 mesh 99.9% 13789 
Zr Alfa Aesar APS 2-3 µm  00847 
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Table C.2: Test 1 (Al80-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 190 200 205 205 200 200 200 200 200 200 200 TOTAL: 
Mass (g) 2.2537 2.2546 2.2331 2.2432 2.2517 2.2356 2.2453 2.2376 2.2528 2.2462 2.2584 24.7122 
Dia (in) 0.627 0.62675 0.6265 0.627 0.628 0.628 0.628 0.628 0.628 0.628 0.628   
Thknss (in) 0.08975 0.09025 0.08725 0.08775 0.089 0.088 0.08675 0.0885 0.0865 0.08925 0.086 TOTAL: 
Vol (cc) 0.4541 0.4563 0.4408 0.4440 0.4518 0.4467 0.4403 0.4492 0.4391 0.4530 0.4365 4.9117 
ρ (g/cc) 4.9629 4.94132 5.06652 5.05237 4.98437 5.00497 5.09911 4.98114 5.13093 4.95827 5.17359 AVG: 
% TMD 84.2% 83.9% 86.0% 85.8% 84.6% 84.9% 86.5% 84.5% 87.1% 84.2% 87.8% 85.4% 
 
Table C.3: Test 2 (Zr80-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 190 200 200 205 220 220 220 220 220 220 225 TOTAL: 
Mass (g) 2.4303 2.423 2.4571 2.4499 2.4467 2.4226 2.4638 2.4394 2.3906 2.4591 2.4121 26.7946 
Dia (in) 0.63 0.63 0.628 0.6295 0.6285 0.6305 0.63 0.6275 0.631 0.63 0.628   
Thknss (in) 0.092 0.0905 0.0915 0.09125 0.091 0.0885 0.093 0.092 0.089 0.09275 0.09 TOTAL: 
Vol (cc) 0.4700 0.4623 0.4644 0.4654 0.4626 0.4528 0.4751 0.4662 0.4561 0.4738 0.4568 5.1055 
ρ (g/cc) 5.1713 5.24122 5.29044 5.26421 5.28856 5.35029 5.18621 5.23211 5.24164 5.19027 5.2801 AVG 
% TMD 61.8% 62.7% 63.2% 62.9% 63.2% 64.0% 62.0% 62.5% 62.7% 62.0% 63.1% 62.7% 
 
Table C.4: Test 3 (Al40-(CuO)40-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 220 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 2.7492 2.7944 2.8002 2.7723 2.7867 2.7789 2.7654 2.7705 2.783 2.7683 2.7658 30.5347 
Dia. (in) 0.63 0.63 0.63 0.63 0.63 0.63 0.6295 0.6295 0.63 0.6305 0.6295   
Thknss (in) 0.0875 0.09 0.09025 0.0875 0.0885 0.088 0.087 0.0875 0.088 0.08825 0.0875 TOTAL: 
Vol. (cc) 0.4470 0.4597 0.4610 0.4470 0.4521 0.4495 0.4437 0.4463 0.4495 0.4515 0.4463 4.9536 
ρ (g/cc) 6.15072 6.07819 6.07393 6.2024 6.16417 6.18185 6.23241 6.20823 6.19097 6.13108 6.1977 AVG: 
% TMD 84.8% 83.8% 83.8% 85.6% 85.0% 85.3% 86.0% 85.6% 85.4% 84.6% 85.5% 85.0% 
 
125 
 
Table C.5: Test 4 (Al) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 200 200 200 200 200 210 210 210 220 220 230 TOTAL: 
Mass (g) 1.056 1.0532 1.0377 1.0104 1.0279 1.0387 1.0554 1.0399 1.0363 1.0352 1.0524 11.4431 
Dia. (in) 0.6295 0.628 0.628 0.6285 0.6285 0.6275 0.628 0.628 0.6285 0.6285 0.6275   
Thknss (in) 0.089 0.08875 0.093 0.09 0.0895 0.09225 0.09275 0.09125 0.0915 0.0915 0.0935 TOTAL: 
Vol. (cc) 0.4539 0.4505 0.4721 0.4576 0.4550 0.4675 0.4708 0.4632 0.4652 0.4652 0.4738 5.0947 
ρ (g/cc) 2.32644 2.33793 2.19826 2.20826 2.25905 2.2218 2.24178 2.24517 2.22773 2.22537 2.22101 AVG: 
% TMD 86.2% 86.6% 81.4% 81.8% 83.7% 82.3% 83.0% 83.2% 82.5% 82.4% 82.3% 83.2% 
 
Table C.6: Test 5 (WO3) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 245 230 230 230 230 230 230 230 230 235 TOTAL: 
Mass (g) 2.3886 2.3907 2.3184 2.3383 2.3265 2.2962 2.3006 2.2981 2.2976 2.3028 2.2868 25.5446 
Dia. (in) 0.627 0.63 0.629 0.6295 0.6295 0.6275 0.6305 0.6295 0.631 0.6285 0.6275   
Thknss (in) 0.092 0.092 0.0905 0.089 0.0885 0.091 0.0865 0.087 0.085 0.089 0.0845 TOTAL: 
Vol. (cc) 0.4655 0.4700 0.4608 0.4539 0.4514 0.4612 0.4426 0.4437 0.4356 0.4525 0.4282 4.9653 
ρ (g/cc) 5.13132 5.08704 5.03092 5.15143 5.15439 4.97909 5.19833 5.17925 5.2748 5.08938 5.34014 AVG: 
% TMD 71.7% 71.0% 70.3% 71.9% 72.0% 69.5% 72.6% 72.3% 73.7% 71.1% 74.6% 71.9% 
 
Table C.7: Test 6 (B71.43-W28.57) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 3.3789 3.2796 3.2908 3.2288 3.2489 3.2451 3.2473 3.2264 3.2397 3.2373 3.2453 35.8681 
Dia. (in) 0.6285 0.629 0.63 0.63 0.6295 0.629 0.6285 0.629 0.628 0.6275 0.6285   
Thknss (in) 0.092 0.0905 0.092 0.0855 0.0875 0.08725 0.08825 0.0875 0.086 0.089 0.0845 TOTAL: 
Vol. (cc) 0.4677 0.4608 0.4700 0.4368 0.4463 0.4443 0.4487 0.4456 0.4365 0.4510 0.4296 4.9372 
ρ (g/cc) 7.22414 7.11672 7.00231 7.3927 7.28024 7.30416 7.23779 7.24132 7.42157 7.17752 7.55434 AVG: 
% TMD 71.5% 70.5% 69.3% 73.2% 72.1% 72.3% 71.6% 71.7% 73.5% 71.1% 74.8% 71.9% 
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Table C.8 Test 7 (Zr) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 1.7458 1.7471 1.7429 1.7751 1.7814 1.829 1.8233 1.8252 1.8314 1.8296 1.81 19.7408 
Dia. (in) 0.63 0.6285 0.631 0.63 0.6295 0.6295 0.6305 0.63 0.63 0.631 0.63   
Thknss (in) 0.087 0.0845 0.0845 0.0865 0.09 0.0885 0.0855 0.086 0.0875 0.087 0.0895 TOTAL: 
Vol. (cc) 0.4444 0.4296 0.4330 0.4419 0.4590 0.4514 0.4374 0.4393 0.4470 0.4458 0.4572 4.8860 
ρ (g/cc) 3.92829 4.06686 4.025 4.0173 3.88094 4.05217 4.16803 4.1547 4.09735 4.10381 3.95898 AVG: 
% TMD 60.2% 62.4% 61.7% 61.6% 59.5% 62.1% 63.9% 63.7% 62.8% 62.9% 60.7% 61.9% 
 
Table C.9: Test 8 (Zr80-nW20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 220 230 240 240 240 225 240 240 240 240 240 TOTAL: 
Mass (g) 2.2951 2.2915 2.2986 2.239 2.2434 2.264 2.2208 2.2475 2.2421 2.2254 2.3035 24.8709 
Dia. (in) 0.6315 0.632 0.6315 0.6325 0.6325 0.633 0.633 0.633 0.633 0.633 0.633   
Thknss (in) 0.0915 0.0905 0.0915 0.0865 0.085 0.0845 0.0865 0.0875 0.0865 0.0865 0.0875 TOTAL: 
Vol. (cc) 0.4696 0.4652 0.4696 0.4454 0.4377 0.4358 0.4461 0.4512 0.4461 0.4461 0.4512 4.9640 
ρ (g/cc) 4.887 4.92545 4.89446 5.0272 5.12597 5.19543 4.97846 4.98073 5.02621 4.98877 5.10484 AVG: 
% TMD 58.4% 58.9% 58.5% 60.1% 61.3% 62.1% 59.5% 59.5% 60.1% 59.6% 61.0% 59.9% 
 
Table C.10: Test 9 (Zr30-Zn50-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 3.2829 3.2747 3.2618 3.264 3.2761 3.2885 3.277 3.2767 3.285 3.2787 3.2830 36.0484 
Dia. (in) 0.63 0.631 0.6305 0.631 0.632 0.632 0.631 0.6315 0.6315 0.631 0.631   
Thknss (in) 0.089 0.089 0.0855 0.087 0.0875 0.088 0.0875 0.0885 0.088 0.089 0.0885 TOTAL: 
Vol. (cc) 0.4546 0.4561 0.4374 0.4458 0.4498 0.4524 0.4484 0.4542 0.4517 0.4561 0.4535 4.96008 
ρ (g/cc) 7.22097 7.18012 7.45641 7.32118 7.28323 7.26926 7.30834 7.21366 7.27302 7.1889 7.23899 AVG: 
% TMD 79.7% 79.3% 82.3% 80.8% 80.4% 80.3% 80.7% 79.7% 80.3% 0.7938 79.9% 80.3% 
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Table C.11: Test 10 (Zr30-B50-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 2.4836 2.4777 2.4883 2.4858 2.495 2.4253 2.4817 2.4562 2.4742 2.4742 2.4742 24.7420 
Dia. (in) 0.6295 0.6295 0.6275 0.6285 0.6285 0.629 0.6295 0.633         
Thknss (in) 0.0865 0.0845 0.0905 0.0865 0.0855 0.087 0.085 0.0865       TOTAL: 
Vol. (cc) 0.4412 0.4310 0.4586 0.4398 0.4347 0.4430 0.4335 0.4461 0.4410 0.4410 0.4410 4.4098 
ρ (g/cc) 5.62967 5.74923 5.42545 5.6526 5.73988 5.47462 5.72464 5.50616       AVG: 
% TMD 67.8% 69.3% 65.4% 68.1% 69.2% 66.0% 69.0% 66.3% 67.6% 67.6% 67.6% 67.6% 
 
Table C.12: Test 11 (Zr60-W40) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 205 205 230 225 230 220 240 240 240 240 240 TOTAL: 
Mass (g) 3.0493 3.1361 3.2182 3.1241 3.2186 3.2331 3.252 3.085 3.0764 3.0577 3.0078 34.4583 
Dia. (in) 0.629 0.629 0.6285 0.629 0.629 0.629 0.629 0.6345 0.6335 0.6355 0.6325   
Thknss (in) 0.084 0.0875 0.087 0.0875 0.0865 0.0955 0.0935 0.087 0.088 0.0875 0.084 TOTAL: 
Vol. (cc) 0.4277 0.4456 0.4423 0.4456 0.4405 0.4863 0.4761 0.4508 0.4545 0.4548 0.4325 4.9566 
ρ (g/cc) 7.129 7.03865 7.27599 7.01172 7.30733 6.6485 6.83041 6.84355 6.76824 6.72302 6.95437 AVG: 
% TMD 68.0% 67.1% 69.4% 66.8% 69.7% 63.4% 65.1% 65.2% 64.5% 64.1% 66.3% 66.3% 
 
Table C.13: Test 12 (Zr40-W60) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 230 230 230 TOTAL: 
Mass (g) 3.6085 3.6521 3.6598 3.6441 3.6465 3.6606 3.6611 3.5278 3.6480 3.6402 3.6574 40.0061 
Dia. (in) 0.6305 0.6315 0.631 0.631 0.632 0.63 0.633 0.632         
Thknss (in) 0.084 0.0865 0.086 0.0855 0.085 0.08417 0.09 0.091       TOTAL: 
Vol. (cc) 0.4298 0.4440 0.4407 0.4381 0.4370 0.4299 0.4641 0.4678 0.4450 0.4440 0.4461 4.8866 
ρ (g/cc) 8.39627 8.226 8.30442 8.31715 8.34511 8.51412 7.88807 7.54115 8.1981 8.1981 8.1981 AVG: 
% TMD 64.8% 63.5% 64.1% 64.2% 64.4% 65.7% 60.9% 58.2% 63.3% 63.3% 63.3% 63.2% 
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Table C.14: Test 13 (Zr30-Zn50-W20) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 240 240 240 240 240 240 242.5 245 242.5 242.5 240 TOTAL: 
Mass (g) 3.2793 3.2704 3.281 3.2751 3.2794 3.275 3.2803 3.2718 3.2815 3.2787 3.2756 36.0481 
Dia. (in) 0.6315 0.6315 0.631 0.6315 0.631 0.6315 0.6315 0.6315 0.6315 0.631 0.6315   
Thknss (in) 0.086 0.0885 0.0875 0.0875 0.087 0.09 0.088 0.08725 0.087 0.08875 0.09 TOTAL: 
Vol. (cc) 0.4414 0.4542 0.4484 0.4491 0.4458 0.4619 0.4517 0.4478 0.4465 0.4548 0.4619 4.9637 
ρ (g/cc) 7.42925 7.19979 7.31726 7.29254 7.35572 7.08975 7.26262 7.30607 7.34878 7.20914 7.09105 AVG: 
% TMD 82.0% 79.5% 80.8% 80.5% 81.2% 78.3% 80.2% 80.7% 81.1% 79.6% 78.3% 80.2% 
 
Table C.15: Test 14 (Al) pellet properties data 
Pellet # 1 3 4 5 6 7 8 9 10 11 13   
Press (bar) 230 230 230 231 230 220 220 220 220 220 225 TOTAL: 
Mass (g) 1.0256 1.0213 1.0645 1.0556 1.044 1.0272 1.0124 1.0329 1.0166 1.0430 1.0273 11.3704 
Dia. (in) 0.6285 0.6295 0.629 0.628 0.629 0.6285 0.629 0.628 0.628 0.6285 0.6285   
Thknss (in) 0.0855 0.085 0.0925 0.0895 0.0885 0.0855 0.086 0.0945 0.09 0.0915 0.0925 TOTAL: 
Vol. (cc) 0.4347 0.4335 0.4710 0.4543 0.4506 0.4347 0.4379 0.4797 0.4568 0.4652 0.4703 4.9887 
ρ (g/cc) 2.35945 2.35587 2.26002 2.32362 2.31667 2.36313 2.31186 2.15336 2.22534 2.24213 2.18451 AVG: 
% TMD 87.4% 87.3% 83.7% 86.1% 85.8% 87.5% 85.6% 79.8% 82.4% 83.0% 80.9% 84.4% 
 
Table C.16: Test 15 (Hf60-W40) pellet properties data 
Pellet # 1 2 3 4 5 6 7 8 9 10 11   
Press (bar) 230 230 230 230 230 230 230 230 225 230 225 TOTAL: 
Mass (g) 4.2336 4.2941 4.3061 4.324 4.3092 4.3213 4.3287 4.3117 4.3103 4.2649 4.3243 47.3282 
Dia. (in) 0.6315 0.6325 0.6305 0.631 0.632 0.6325 0.633 0.63 0.6325 0.63 0.633   
Thknss (in) 0.086 0.086 0.0845 0.0885 0.0885 0.0825 0.0845 0.083 0.085 0.086 0.087 TOTAL: 
Vol. (cc) 0.4414 0.4428 0.4323 0.4535 0.4550 0.4248 0.4358 0.4240 0.4377 0.4393 0.4487 4.8352 
ρ (g/cc) 9.59122 9.69754 9.96016 9.53438 9.47171 10.173 9.9335 10.1695 9.84864 9.70819 9.63825 AVG: 
% TMD 63.0% 63.7% 65.4% 62.6% 62.2% 66.8% 65.3% 66.8% 64.7% 63.8% 63.3% 64.4% 
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APPENDIX D: SERIES 1 TESTS DATA 
 
Table D.1: Diagnostics for each test 
Test 
Date 
Material 
Pressure 
Shadow-
graph 
Pyrometry Spectroscopy End On 
8.4” 
Side On 
8.4” 
End On 
12.65” 
7/16/09 TiB X X X X DV  
10/1/09 Bare X X X X DV  
10/5/09 TiB X X X X DV  
10/10/09 Bare T1 X X X X DV  
10/10/09 Bare T2 X X X X DV  
10/10/09 Steel X X X X   
10/10/09 Zr X X  X   
10/12/09 Zr X X X    
10/13/09 Al-CuO X X  X  X 
10/13/09 Al-NiO X X X X  X 
10/23/09 Bare X   X DV  
10/29/09 Steel  X  X DV  
10/30/09 Steel X   X DV  
11/24/09 Steel X X  X DV  
2/12/10 Zr T1      X 
2/12/10 Zr T2 X  X X  X 
2/15/10 Al-CuO   X X FC X 
2/15/10 Al-NiO X  X X FC X 
2/16/10 Zr X  X X FC X 
 
 
Figure D.1: Piezoelectric pressure transducer traces from Ti-B test, 7/16/09 
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Figure D.2: Piezoelectric pressure transducer traces from bare test, 10/1/09 
 
 
Figure D.3: Piezoelectric pressure transducer traces from TiB test, 10/5/09 
 
 
Figure D.4: Piezoelectric pressure transducer traces from bare test 1, 10/10/09 
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Figure D.5: Piezoelectric pressure transducer traces from bare test 2, 10/10/09 
 
 
Figure D.6: Piezoelectric pressure transducer traces from steel test, 10/10/09 
 
 
Figure D.7: Piezoelectric pressure transducer traces from Zr test, 10/10/09 
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Figure D.8: Piezoelectric pressure transducer traces from Zr test, 10/12/09 
 
 
Figure D.9: Piezoelectric pressure transducer traces from Al-CuO test, 10/13/09 
 
 
Figure D.10: Piezoelectric pressure transducer traces from Al-NiO test, 10/13/09 
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Figure D.11: Piezoelectric pressure transducer traces from Bare test, 10/23/09 
 
 
Figure D.12: Piezoelectric pressure transducer traces from Steel test, 10/29/09 
 
 
Figure D.13: Piezoelectric pressure transducer traces from Steel test, 10/30/09 
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Figures D.14: Piezoelectric pressure transducer traces from Steel test, 11/24/09 
 
 
Figure D.15: Piezoelectric pressure transducer traces from Zr test 2, 2/12/10 
 
 
Figure D.16: Piezoelectric pressure transducer traces from Al-CuO test, 2/15/10 
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Figure D.17: Piezoelectric pressure transducer traces from Al-NiO test, 2/15/10 
 
 
Figure D.18: Piezoelectric pressure transducer traces from Zr test, 2/16/10 
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Figure D.19: Shadowgraph image sequence from Ti-B test, 07/16/09.  Frame interval 11 μs. 
 
 
Figure D.20: Shadowgraph image sequence from Bare test, 10/1/09.  Frame interval 28 μs. 
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Figure D.21: Shadowgraph image sequence from Ti-B test, 10/5/09.  Frame interval 28.5 μs. 
 
 
Figure D.22: Shadowgraph image sequence from bare test 1, 10/10/09.  Frame interval 28 μs. 
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Figure D.23: Shadowgraph image sequence from bare test 2, 10/10/09.  Frame interval 28 μs. 
 
 
Figure D.24: Shadowgraph image sequence from Steel test, 10/10/09.  Frame interval 28 μs. 
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Figure D.25: Shadowgraph image sequence from Zr test, 10/10/09.  Frame interval 28 μs. 
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Figure D.26: Shadowgraph image sequence from Al-CuO test 10/13/09. Frame interval 29.25 μs. 
 
 
Figure D.27: Shadowgraph image sequence from Al-NiO test 10/13/09.  Frame interval 29.25 μs. 
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Figure D.28: Shadowgraph image sequence from bare test 10/23/09.  Frame interval 29.25 μs. 
 
 
Figure D.29: Shadowgraph image sequence from steel test, 10/29/09.  Frame interval 29.25 μs. 
 
142 
 
 
Figure D.30: Shadowgraph image sequence from steel test, 10/30/09.  Frame interval 29.25 μs. 
 
 
Figure D.31: Shadowgraph image sequence from steel test, 11/24/09.  Frame interval 22.75 μs. 
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Figure D.32: Shadowgraph image sequence from Zr test 1, 2/12/10.  Frame interval 22.75 μs. 
 
 
Figure D.33: Shadowgraph image sequence from Zr test 2, 2/12/10.  Frame interval 22.75 μs. 
 
144 
 
 
Figure D.34: Shadowgraph image sequence from Al-CuO test, 2/15/10.  Frame interval 22.75 μs. 
 
 
Figure D.35: Shadowgraph image sequence from Al-NiO test, 2/15/10.  Frame interval 22.75 μs. 
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Figure D.36: Shadowgraph image sequence from Zr test, 2/16/10.  Frame interval 22.75 μs. 
 
 
Figure D.37: Pyrometry intensity traces from Ti-B test, 7/16/09. 
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Figure D.38: Pyrometry intensity traces from bare test, 10/1/09 
 
 
Figure D.39: Pyrometry intensity traces from Ti-B test, 10/5/09 
 
 
Figure D.40: Pyrometry intensity traces from bare test 1, 10/10/09 
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Figure D.41: Pyrometry intensity traces from bare test 2, 10/10/09 
 
 
Figure D.42: Pyrometry intensity traces from steel test, 10/29/09 
 
 
Figure D.43: Pyrometry intensity traces from steel test, 10/30/09 
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Figure D.44: Pyrometry intensity traces from steel test, 11/24/09 
 
 
Figure D.45: Pyrometry intensity traces from Al-CuO test, 2/15/10 
 
 
Figure D.46: Pyrometry intensity traces from Al-NiO test, 2/15/10 
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Figure D.47: Pyrometry intensity traces from Zr test, 2/16/10 
 
  
150 
 
APPENDIX E: SERIES 2 TESTS DATA 
 
 
Figure E.1: Test 1 (Al80-W20) in vessel pressure transducer traces 
 
 
Figure E.2: Test 2 (Zr80-W20) in vessel pressure transducer traces 
 
 
Figure E.3: Test 3 (Al40-(CuO)40-W20) in vessel pressure transducer traces 
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Figure E.4: Test 4 (Al) in vessel pressure transducer traces 
 
 
Figure E.5: Test 5 (WO3) in vessel pressure transducer traces 
 
 
Figure E.6: Test 6 (B71.43-W28.57) in vessel pressure transducer traces 
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Figure E.7: Test 7 (Zr) in vessel pressure transducer traces 
 
 
Figure E.8: Test 8 (Zr80-nW20) in vessel pressure transducer traces 
 
 
Figure E.9: Test 9 (Zr30-Zn50-W20) in vessel pressure transducer traces 
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Figure E.10: Test 10 (Zr30-B50-W20) in vessel pressure transducer traces 
 
 
Figure E.11: Test 11 (Zr60-W40) in vessel pressure transducer traces 
 
 
Figure E.12: Test 12 (Zr40-W60) in vessel pressure transducer traces 
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Figure E.13: Test 13 (Zr30-Zn50-W20) in vessel pressure transducer traces 
 
 
Figure E.14: Test 14 (Al) in vessel pressure transducer traces 
 
 
Figure E.15: Test 15 (Hf60-W40) in vessel pressure transducer traces 
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Figure E.16: Test 1 (Al80-W20) in vessel pressure transducer integrated impulse 
 
 
Figure E.17: Test 2 (Zr80-W20) in vessel pressure transducer integrated impulse 
 
 
Figure E.18: Test 3 (Al40-(CuO)40-W20) in vessel pressure transducer integrated impulse 
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Figure E.19: Test 4 (Al) in vessel pressure transducer integrated impulse 
 
 
Figure E.20: Test 5 (WO3) in vessel pressure transducer integrated impulse 
 
 
Figure E.21: Test 6 (B71.43-W28.57) in vessel pressure transducer integrated impulse 
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Figure E.22: Test 7 (Zr) in vessel pressure transducer integrated impulse 
 
 
Figure E.23: Test 8 (Zr80-nW20) in vessel pressure transducer integrated impulse 
 
 
Figure E.24: Test 9 (Zr30-Zn50-W20) in vessel pressure transducer integrated impulse 
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Figure E.25: Test 10 (Zr30-B50-W20) in vessel pressure transducer integrated impulse 
 
 
Figure E.26: Test 11 (Zr60-W40) in vessel pressure transducer integrated impulse 
 
 
Figure E.27: Test 12 (Zr40-W60) in vessel pressure transducer integrated impulse 
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Figure E.28: Test 13 (Zr30-Zn50-W20) in vessel pressure transducer integrated impulse 
 
 
Figure E.29: Test 14 (Al) in vessel pressure transducer integrated impulse 
 
 
Figure E.30: Test 15 (Hf60-W40) in vessel pressure transducer integrated impulse 
160 
 
 
Figure E.31: Test 1 (Al80-W20) quasistatic overpressure 
 
 
Figure E.32: Test 2 (Zr80-W20) quasistatic overpressure 
 
 
Figure E.33: Test 3 (Al40-(CuO)40-W20) quasistatic overpressure 
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Figure E.34: Test 4 (Al) quasistatic overpressure 
 
 
Figure E.35: Test 5 (WO3) quasistatic overpressure 
 
 
Figure E.36: Test 6 (B71.43-W28.57) quasistatic overpressure 
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Figure E.37: Test 7 (Zr) quasistatic overpressure 
 
 
Figure E.38: Test 8 (Zr80-nW20) quasistatic overpressure 
 
 
Figure E.39: Test 9 (Zr30-Zn50-W20) quasistatic overpressure 
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Figure E.40: Test 10 (Zr30-B50-W20) quasistatic overpressure 
 
 
Figure E.41: Test 11 (Zr60-W40) quasistatic overpressure 
 
 
Figure E.42: Test 12 (Zr40-W60) quasistatic overpressure 
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Figure E.43: Test 13 (Zr30-Zn50-W20) quasistatic overpressure 
 
 
Figure E.44: Test 14 (Al) quasistatic overpressure 
 
 
Figure E.45: Test 15 (Hf60-W40) quasistatic overpressure 
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Figure E.46: Test 1 (Al80-W20) image sequence. Frame interval 45.25 μs. 
 
 
Figure E.47: Test 1 (Al80-W20) reaction edge position and velocity 
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Figure E.48: Test 2 (Zr80-W20) image sequence. Frame interval 38 μs. 
 
 
Figure E.49: Test 2 (Zr80-W20) reaction edge position and velocity 
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Figure E.50: Test 3 (Al40-(CuO)40-W20) image sequence. Frame interval 38 μs. 
 
 
Figure E.51: Test 3 (Al40-(CuO)40-W20) reaction edge position and velocity 
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Figure E.52: Test 4 (Al) image sequence. Frame interval 38 μs. 
 
 
Figure E.53: Test 4 (Al) reaction edge position and velocity 
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Figure E.54: Test 5 (WO3) image sequence. Frame interval 38 μs. 
 
 
Figure E.55: Test 5 (WO3) reaction edge position and velocity 
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Figure E.56: Test 6 (B71.43-W28.57) image sequence. Frame interval 38 μs. 
 
 
Figure E.57: Test 6 (B71.43-W28.57) reaction edge position and velocity 
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Figure E.58: Test 7 (Zr) image sequence. Frame interval 38 μs. 
 
 
Figure E.59: Test 7 (Zr) reaction edge position and velocity 
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Figure E.60: Test 8 (Zr80-nW20) image sequence. Frame interval 38 μs. 
 
 
Figure E.61: Test 8 (Zr80-nW20) reaction edge position and velocity 
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Figure E.62: Test 9 (Zr30-Zn50-W20) image sequence. Frame interval 38 μs. 
 
 
Figure E.63: Test 9 (Zr30-Zn50-W20) reaction edge position and velocity 
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Figure E.64: Test 10 (Zr30-B50-W20) image sequence. Frame interval 38 μs. 
 
 
Figure E.65: Test 10 (Zr30-B50-W20) reaction edge position and velocity 
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Figure E.66: Test 11 (Zr60-W40) image sequence. Frame interval 38 μs. 
 
 
Figure E.67: Test 11 (Zr60-W40) reaction edge position and velocity 
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Figure E.68: Test 12 (Zr40-W60) image sequence. Frame interval 38.25 μs. 
 
 
Figure E.69: Test 12 (Zr40-W60) reaction edge position and velocity 
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Figure E.70: Test 13 (Zr30-Zn50-W20) image sequence. Frame interval 38.25 μs. 
 
 
Figure E.71: Test 13 (Zr30-Zn50-W20) reaction edge position and velocity 
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Figure E.72: Test 14 (Al) image sequence. Frame interval 38.25 μs. 
 
 
Figure E.73: Test 14 (Al) reaction edge position and velocity 
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Figure E.74: Test 15 (Hf60-W40) image sequence. Frame interval 38.25 μs. 
 
 
Figure E.75: Test 15 (Hf60-W40) reaction edge position and velocity 
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Figure E.76: Test 1 (Al80-W20) pyrometry intensity traces 
 
 
Figure E.77: Test 2 (Zr80-W20) pyrometry intensity traces 
 
 
Figure E.78: Test 3 (Al40-(CuO)40-W20) pyrometry intensity traces 
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Figure E.79: Test 4 (Al) pyrometry intensity traces 
 
 
Figure E.80: Test 5 (WO3) pyrometry intensity traces 
 
 
Figure E.81: Test 6 (B71.43-W28.57) pyrometry intensity traces 
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Figure E.82: Test 7 (Zr) pyrometry intensity traces 
 
 
Figure E.83: Test 8 (Zr80-nW20) pyrometry intensity traces 
 
 
Figure E.84: Test 9 (Zr30-Zn50-W20) pyrometry intensity traces 
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Figure E.85: Test 10 (Zr30-B50-W20) pyrometry intensity traces 
 
 
Figure E.86: Test 11 (Zr60-W40) pyrometry intensity traces 
 
 
Figure E.87: Test 12 (Zr40-W60) pyrometry intensity traces 
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Figure E.88: Test 13 (Zr30-Zn50-W20) pyrometry intensity traces 
 
 
Figure E.89: Test 14 (Al) pyrometry intensity traces 
 
 
Figure E.90: Test 15 (Hf60-W40) pyrometry intensity traces 
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Figure E.91: Test 1 (Al80-W20) pyrometry calculated temperature 
 
 
Figure E.92: Test 2 (Zr80-W20) pyrometry calculated temperature 
 
 
Figure E.93: Test 3 (Al40-(CuO)40-W20) pyrometry calculated temperature 
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Figure E.94: Test 4 (Al) pyrometry calculated temperature 
 
 
Figure E.95: Test 5 (WO3) pyrometry calculated temperature 
 
 
Figure E.96: Test 6 (B71.43-W28.57) pyrometry calculated temperature 
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Figure E.97: Test 7 (Zr) pyrometry calculated temperature 
 
 
Figure E.98: Test 8 (Zr80-nW20) pyrometry calculated temperature 
 
 
Figure E.99: Test 9 (Zr30-Zn50-W20) pyrometry calculated temperature 
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Figure E.100: Test 10 (Zr30-B50-W20) pyrometry calculated temperature 
 
 
Figure E.101: Test 11 (Zr60-W40) pyrometry calculated temperature 
 
 
Figure E.102: Test 12 (Zr40-W60) pyrometry calculated temperature 
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Figure E.103: Test 13 (Zr30-Zn50-W20) pyrometry calculated temperature 
 
 
Figure E.104: Test 14 (Al) pyrometry calculated temperature 
 
 
Figure E.105: Test 15 (Hf60-W40) pyrometry calculated temperature 
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Figure E.106: Test 1 (Al80-W20) spectroscopy calculated temperature 
 
 
Figure E.107: Test 2 (Zr80-W20) spectroscopy calculated temperature 
 
 
Figure E.108: Test 3 (Al40-(CuO)40-W20) spectroscopy calculated temperature 
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Figure E.109: Test 4 (Al) spectroscopy calculated temperature 
 
 
Figure E.110: Test 5 (WO3) spectroscopy calculated temperature 
 
 
Figure E.111: Test 6 (B71.43-W28.57) spectroscopy calculated temperature 
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Figure E.112: Test 7 (Zr) spectroscopy calculated temperature 
 
 
Figure E.113: Test 8 (Zr80-nW20) spectroscopy calculated temperature 
 
 
Figure E.114: Test 9 (Zr30-Zn50-W20) spectroscopy calculated temperature 
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Figure E.115: Test 10 (Zr30-B50-W20) spectroscopy calculated temperature 
 
 
Figure E.116: Test 11 (Zr60- W40) spectroscopy calculated temperature 
 
 
Figure E.117: Test 12 (Zr40- W60) spectroscopy calculated temperature 
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Figure E.118: Test 13 (Zr30-Zn50-W20) spectroscopy calculated temperature 
 
 
Figure E.119: Test 14 (Al) spectroscopy calculated temperature 
 
 
Figure E.120: Test 15 (Hf60- W40) spectroscopy calculated temperature 
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Table E.1: PDF numbers and select information for identified species 
Species PDF # RIR Crystal Structure 
Al 00-004-0787 3.62 Cubic 
Al2O3 00-046-1212 1 Rhombohedral 
B41.33C4.45 03-065-4242 0.36 Rhombohedral 
Cu 04-009-2090 9.72 Cubic 
CuO 04-007-0518 3.88 Monoclinic 
Cu2O 04-007-9767 7.94 Cubic 
Hf 00-038-1478 4.45 Hexagonal 
HfO2 01-075-6426 8.09 Monoclinic 
HfO2 04-003-6960 15.19 Orthorhombic 
W 00-004-0806 18 Cubic 
WO3 04-005-4301 5.68 Triclinic 
Zn 00-004-0831 3.8 Hexagonal 
ZnO 04-003-2106 5.41 Hexagonal 
Zr 04-008-1477 12.5 Hexagonal 
ZrO2 00-037-1484 2.6 Monoclinic 
ZrO2 01-088-1007 10.3 Tetragonal 
 
 
Figure E.121: Al80-W20 mechanically alloyed powder XRD data and identified species 
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Figure E.122: Zr80-W20 mechanically alloyed powder XRD data and identified species 
 
 
Figure E.123: Al40-(CuO)40-W20 ultrasonically mixed powder XRD data and identified species 
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Figure E.124: B71.43-W28.57 ultrasonically mixed powder XRD data and identified species 
 
 
Figure E.125: Zr80-nW20 mechanically alloyed powder XRD data and identified species 
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Figure E.126: Zr30-Zn50-W20 mechanically alloyed powder XRD data and identified species 
 
 
Figure E.127: Zr30-B50-W20 ultrasonically mixed powder XRD data and identified species 
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Figure E.128: Zr60-W40 mechanically alloyed powder XRD data and identified species 
 
 
Figure E.129: Zr40-W60 mechanically alloyed powder XRD data and identified species 
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Figure E.130: Hf60-W40 mechanically alloyed powder XRD data and identified species 
 
 
Figure E.131: Test 1 (Al80-W20) powder residue XRD data and identified species 
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Figure E.132: Test 2 (Zr80-W20) powder residue XRD data and identified species 
 
 
Figure E.133: Test 3 (Al40-(CuO)40-W20) powder residue XRD data and identified species 
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Figure E.134: Test 4 (Al) powder residue XRD data and identified species 
 
 
Figure E.135: Test 5 (WO3) powder residue XRD data and identified species 
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Figure E.136: Test 6 (B71.43-W28.57) powder residue XRD data and identified species 
 
 
Figure E.137: Test 7 (Zr) powder residue XRD data and identified species 
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Figure E.138: Test 8 (Zr80-nW20) powder residue XRD data and identified species 
 
 
Figure E.139: Test 9 (Zr30-Zn50-W20) powder residue XRD data and identified species 
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Figure E.140: Test 10 (Zr30-B50-W20) powder residue XRD data and identified species 
 
 
Figure E.141: Test 11 (Zr60-W40) powder residue XRD data and identified species 
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Figure E.142: Test 12 (Zr40-W60) powder residue XRD data and identified species 
 
 
Figure E.143: Test 13 (Zr30-Zn50-W20) powder residue XRD data and identified species 
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Figure E.144: Test 14 (Al) powder residue XRD data and identified species 
 
 
Figure E.145: Test 15 (Hf60-W40) powder residue XRD data and identified species 
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